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PREFACE 


One of the features of the vigorous development of a number of 
branches of modern technology in recent years has been the ever 
increasing interest in the properties of polymeric materials at low 
temperatures, including the liquid-helium temperature. The inve- 
stigation of polymers at low temperatures is of great importance 
for an understanding of a number of the most important problems 
in the physics and physical chemistry of polymers. 

In spite of a large number of publications devoted to the study 
of the physical properties of polymers in the cryogenic (low-tem- 
perature) region, itis sometimes difficult, even for the specialist, 
to obtain information on the most important properties of poly- 
mers at very low temperatures. This is because the data on the 
individual properties of polymers are scattered throughout the 
scientific journals and are sometimes difficult to compare. 

The purpose of this book is to systematize the available material 
and to delineate the principal trends in the investigation of those 
closely interrelated properties—thermal (heat capacity, thermal 
conductivity, thermal expansion), acoustical, dielectric, visco- 
elastic, etc. —which govern the entire set of important physical 
properties of polymers at low temperatures. An attempt is made 
to show how the chemical constitution and the supermolecular 
structure influence the physical properties of polymers in the low- 
temperature region. 

All the chapters of this book, except the last two, are organized 
according to the same plan. Each chapter, devoted to a single 
physical property, consists "of three sections. First, the theory of 
the property under discussion and the related physical phenomena 
are briefly considered. This is followed by a description of methods 
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of investigation of these properties and phenomena at low tem- 
peratures. Finally, systematized data from experimental inve- 
stigations are presented. 

The last three chapters are concerned mainly with studies of 
the properties of polymers at low temperatures which have been 
carried out in recent years by the author and his collaborators 
P.D. Golub and V.E. Sorokin. 

The author wishes to express his sincere gratitude to L.A. Kva- 
cheva, O.V. Startsev, and E.B. Voloshinov for their help in 
preparing the manuscript. 


CHAPTER 1 


HEAT CAPACITY OF POLYMERS 
AT LOW TEMPERATURES 


1.1. BASIC CONCEPTS OF THE HEAT CAPACITY 
OF SOLIDS 


Heat capacity is one of the most important thermal charac- 
teristics of substances. Most frequently the heat capacity of a 
system is considered at constant volume, C,, which is substan- 
tially dependent on temperature. 

The molar heat capacity of a solid at constant volume, C,, 
is defined by the expression 

Um 

C - (A), (1.1) 

where Um is the internal energy of 1 mole of substance; T is the 
temperature; v is the molar volume. 

We know that a solid consists of atoms which oscillate about an 
equilibrium position. In the classical approximation, the atoms 
of a solid may be regarded as harmonic oscillators. This means that 
the oscillating atoms experience forces of interaction that obey 
Hooke's law, i.e., the forces that are proportional to the relative 
departure of the atoms from their mean equilibrium positions. 

We know that the average energy of a simple one-dimensional 


harmonic oscillator, Æ}, depends only on temperature: 


E,—kT (4.2) 


where k = 1.38 x 10-? J/K is the Boltzmann constant. 

The Boltzmann constant is defined as the ratio k — R/N,, 
where R is the universal gas constant [R = 8.31 J/(mole-K)], 
апа №, is Avogadro's number (N, = 6.023 x 10?* mole-?). One 
mole of a solid substance can be treated as a system of 3N, simple 
one-dimensional harmonic oscillators. The internal energy of such 
a system is given by 


Um = 3N,kT = ЗЕТ (1.3) 
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From expression (1.1) it follows that the molar heat capacity of 
a solid is 
C, = ЗЕ zz 0.025 kJ/(mole -K) (1.4) 


Expression (1.4) is the well-known Dulong-Petit law, which 
is in good agreement with the values of C, found experimentally 
for many solids over a wide range of temperatures, up to quite 
high temperatures. 

It has, however, been found that at low temperatures the heat 
capacity of solids depends on temperature, which contradicts the 
Dulong-Petit law, and that with a considerable decrease of tem- 
perature, when 7 — 0, the heat capacity of non-metallic solids 
varies proportionately to T. This result cannot be explained within 
the framework of the classical theory. One of the first to pay at- 
tention to this was Einstein (1, 2). 

Einstein's Theory. Einstein attempted to account for a sharp 
decrease in the heat capacity of solids at low temperatures (at 
T — 0) by proceeding from a simple model. In order to explain 
thermal properties at low temperatures, Einstein suggested that 
the crystal lattice of a solid containing N vibrating atoms be 
regarded as a system of 3N independent one-dimensional harmo- 
nic oscillators, each with the same characteristic vibrational fre- 
quency, v. The Einstein harmonic oscillators differ from classical 
harmonie oscillators, since while a classical harmonic oscillator 
can have any vibration amplitude and, hence, any energy, Ein- 
stein's quantum harmonic oscillators can have only strictly defined, 
discrete energy values. The magnitude of this energy is given by 
the Planck formula: 


E = nh (1.5) 


where n = 0,1,2, ... (positive integers); h is Planck's constant 
(h = 6.62 x 10-9* J. s); v is the frequency. 
Formula (1.5) is sometimes written in the form: 


E — nho (1.6) 


where o = 2лу is the circular frequency; ñ = h/2n. 

Thus, a quantum harmonic oscillator can have only quantized 
energy values which differ by the value of n. In accordance with 
quantum theory, the average energy of a harmonic oscillator can 
be represented in the following form: 





co nio 
> nhoe RT .do әлә 
— n—0 oe AT 1 96 Eras.) 4.7 
EE CU AE p uud 
> e AP Ate 87 фе AF L... 


n=0 
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Expression (1.7) can be transformed so that 
D ñ 
E,-—— (1.8) 


eT 4 


A comparison of expressions (1.8) and (1.2) shows that the average 
energies of quantum and classical harmonic oscillators are sub- 
stantially different. Note that expression (1.8) is more general. 
From this expression we can derive, as a special case, an expres- 
sion for the average energy of a classical harmonic oscillator. 
Indeed, at high temperatures, when kT >> fw, the denominator 
in expression (1.8) can be expanded into a series: 
ho 


AT um d 9. —1 = #2 
e 121-4 xe 1 2 ЕТ 
Thus, at high temperatures expression (1.8) has the form 


E, д kT 


The heat capacity of a system of N identical quantum harmo- 
nic oscillators can be written thus: 


ho 

_ QU Ә(МЕ) [ho eT 

Ca ape a Num) гю D 
(лт) 


Expression (1.9) can also be written in a somewhat different form 
if one makes use of the concept of the characteristic Einstein tem- 
perature 0g, which is defined by the equation 


Өк = holk (1.10) 
For most solids the characteristic temperature, Өр, is equal to 
about 100-300 K. From formula (1.10) it follows that at T = 300 K 
the characteristic frequency v = 0/2л = kT/h zz 5 x 1012 Hz. 
This frequency approximately corresponds to the vibrational 
frequency of individual atoms. In view of formula (1.10), the 
expression for heat capacity (1.9) can be written as follows: 


0 T 
eom 


CENE (F | (бет _ү)*. 


Өв t 
= МЕЕ (=) (1.11) 
where E (=) is the Einstein function defined as 


T 

z (58) - (E) cuin 

: TE^ (бюл 4), 

Formula (1.11) describes well the temperature dependence of the 
heat capacity of some solids. 





(1.112) 





4 CH. 1. HEAT CAPACITY OF POLYMERS AT LOW TEMPERATURES 


In the case of low temperatures, when T — 0 (kT < fiw) and 
T < 05, from formula (1.11) it follows that 


Ca Nk( SE e^o (1.19) 


It is obvious that the largest contribution to the temperature 
dependence of heat capacity at T —- 0, according to the Einstein 
theory, is made by the exponential factor. From formula (1.12) 
we see that at low temperatures the heat capacity must decrease 
according to the exponential law. Numerous experimental data, 
however, indicate that the heat capacity of the crystal lattice of 
most solids at 7 — 0 varies proportionately to T’. This fact has 
been accounted for in the Debye theory. 

Debye's Theory of the Heat Capacities of Solids. The Einstein 
postulate that all atoms may be regarded as harmonic oscillators 
vibrating with the same frequency would have been satisfactory 
if each atom had vibrated independently of its neighbours. In 
actual fact, the atoms of a solid are so firmly bound with one an- 
other that most probably they vibrate as an entity. Debye pro- 
posed that a solid be treated asan elastic continuum and derived 
an expression for vibrational frequencies that would be present 
in such a system. The discrete nature of the crystal lattice and 
its atomic structure were taken into account only by way of limit- 
ing the number of possible vibrational frequencies in the lattice 
to the 3N degrees of freedom of the N atoms making up the crystal 
lattice. Debye suggested that the acoustical spectrum of a solid 
be regarded as the spectrum of an isotropic elastic continuum, 
but that the number of independent elastic waves that arise as 
a result of the oscillations of JV lattice atoms be assumed to be 
equal to 3N. It is known that in an isotropic elastic continuum for 
each wave vector k there correspond one longitudinal wave and 
two transverse waves with speeds independent of the direction 
of their propagation. 

The internal energy in Debye's theory is defined by the following 
expression: 





3k*T4 | x3 dz (1.13) 


= 2n2A3c3 ex —1 


where c is the average velocity of elastic waves; £m = ho, /kT 
(here о is the upper boundary maximum frequency of lattice 
vibrations, which is governed by the condition that the number 
of possible lattice vibrations is equal to 3N). 

From Debye's theory it follows that 


= 3 
Om =e V ба (1.14) 
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where N is the number of atoms in volume V; c is the average speed 
of elastic waves in an isotropic elastic solid. 

Е 1,2 4 Yy1-1/3 

e- [s lrt) Cs) 
in which expression the quantities c; and c, are the average speeds 


of transverse and longitudinal elastic waves, respectively. 
We now introduce the notation 


lios fk = 8p (1.16) 


The parameter p is called the Debye characteristic tempera- 
ture and plays an important part in the consideration of the ther- 
mal properties of a solid. From expressions (1.14) through (1.16) 
it follows that 


6= (uv) [5C] (1.17) 


Differentiating the expression for the internal energy with respect 
to temperature, we obtain the following expression for heat ca- 
pacity at constant volume (3, 4): 


xm 
T \3 р exz^dz 
C, — IN ak (z>) J ap (1.18) 
where N, = N/V is the number of atoms in unit volume. 
The expression for heat capacity can be written in a different 
form: 


0 
C, = 8N kD (7) (1.19) 
where D (22) is the Debye function equal to 
E s 
0 y T } 0 
D(-)- e. I^ à (7) (1.90) 
0 


The Debye function cannot be calculated accurately and there- 
fore use is made of various approximations. Approximate methods 
of calculation are considerably simplified in the case of high 
(T > 02) and very low (T < 05) temperatures. 

At T > Өр (tm < 1), from expression (1.18) we have 


C, ж ЗЕ (1.21) 
which is іп good accord with the Dulong-Petit law. 


At very low temperatures, when 7 < 0, (at T < 67/12), 
from expression (1.18) we can obtain, with an accuracy of up to 
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1 per cent, the following expression for heat capacity: 


1224 N ok T 43 12 T 43 
6-7 s) =s R (s=) (4:22) 
This formula is the well-known Debye cube law. It agrees well 
with experimental data for a large number of solids. The question 
of the limits of applicability of Debye’s equation has not, however, 
been resolved completely. In fact, formula (1.22) is in good agree- 
ment with experimental data not at T < 0 5/12 but at much lower 
temperatures (5). The heat capacity of real solids is usually de- 
scribed well by Debye’s equation only at T < 0 5/50 and sometimes 
at T < 05/100. For polymers the Debye T-cube law holds, as а 
rule, only in a very narrow range of temperatures only a few de- 
grees above 0 K. 

The good agreement between Debye's theory and experimental 
data at very low temperatures is ascribed to the fact that at T — 
— 0 K the crystal lattice experiences oscillations of sufficiently 
long wavelength, much larger than the lattice parameters. 

It should be noted that Debye's theory has a number of short- 
comings. For instance, it assumes that all the elastic waves in 
the lattice travel at the same speed. The dispersion law used in 


the derivation of relation (1.22) has the form œ = ck, where k = 
= 2n/À is the wavenumber. Thus, Debye's theory disregards the 
dispersion (frequency dependence) of the speed of elastic waves. 
In accordance with this, in Debye's theory it is assumed that the 
limiting maximum frequency о, for all the waves excited in the 
lattice is the same, which does not conform with the actual picture 
observed in real solids. Moreover, the Debye theory ignores the 
complex nature of the interaction between the atoms and mole- 
cules of which the solid is composed. 

Thus, the Debye theory is concerned with the complicated motion 
of the mass centres of the interlinked № elements of the lattice. 
This complex motion (lattice oscillations) is assumed to be equiv 
alent to the motion of 3N independent one-dimensional harmo- 
nic oscillators. The coordinates of these oscillators are called the 
normal coordinates and their oscillations are known as the normal 
vibrations. The internal energy and heat capacity of a solid are 
additively composed of the contributions from individual normal 
vibrational modes. To calculate the heat capacity (to derive the 
formula describing the dependence of heat capacity on tempera- 
ture), it is necessary to know the frequency spectrum of normal 
vibrations. This spectrum can be computed theoretically by mak- 
ing use of the so-called secular equation. In the case of a simple 
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lattice, the solution of the secular equation contains three fre- 
quency branches (acoustical branches) which correspond to three 
possible independent orientations of the vector of polarization of 
lattice waves, i.e., to three types of elastic waves excited in the 
lattice (two transverse waves and one longitudinal wave). The 
simplicity of the Debye equation results from a number of simpli- 
fications made in its derivation. 

The atomic structure of solids has been taken into considerably 
greater account in the theory of heat capacity proposed by Born 
and von Kármán (6). In this theory, a solid is regarded as a lattice 
consisting of point masses interconnected by springs. Born and 
von Kármán not only considered the action of central forces but 
also made an attempt to take into account the forces operating 
between atoms at greater distances. They showed that in the case 
of the simplest model, which is a one-dimensional chain with 
central forces acting between the nearest neighbouring atoms 
(nearest-neighbour forces), the Debye assumption that no disper- 
sion of the speeds of elastic waves is present is not valid. The 
Born-Kármán theory takes into account that the maximum fre- 
quency w,, (the cutoff frequency of the spectrum of normal vibra- 
tions) must be different for each elastic wave in each direction. 
The theory allows the calculation of the theoretical dependence 
of heat capacity if the model of interatomic forces is known. In 
a number of simple cases theoretical computations are in good 
agreement with the results of experimental investigations. But 
calculation of the frequency spectrum, which must be known if 
one wishes to derive a general formula for heat capacity appears 
to be a very difficult task. For this to be done, one has to know all 
the force constants and the interaction potential between atoms. 
Even then the solution of the secular equation is found to be rather 
involved. Besides, in real solids one has to deal with complex 
lattices. If the unit cell of such a lattice consists of n structural 
elements, one must add to the acoustical branches that result from 
the solution of the secular equation 3 (n — 1) optical branches, 
which under certain conditions are separated from one another 
and from the acoustical branches by energy gaps. All this con- 
siderably complicates the calculation of the spectrum of normal 
vibrations. 

In view of this, the Debye theory is used most frequently in 
the study of the thermal properties of solids at low tempera- 
tures. 

In Debye's theory it is assumed that the energy of each normal 
mode of vibration, E;, is quantized: 


Е, =пћо; (1.23) 
where n; аге whole numbers. 
2—0724 
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Thus, each normal mode of vibration (or each elastic wave) 
may be treated in the Debye theory like a quasi-particle character- 
ized by strictly defined, discrete values (quanta) of energy. From 
the standpoint of quantum theory, normal lattice vibrations (the 
Debye elastic waves) may be regarded as quasi-particles which are 
energy quanta of the field of elastic vibrations, that is, phonons. 
Thus, in the quantum theory of heat capacity, lattice oscillations 
are treated as the phonon gas, which also leads to the Debye equa- 
tion. 

By analogy with the kinetic theory of gases, solid-state quantum 
theory deals with such concepts as the mean free path, the inter- 
action of phonons, etc. The concept of the elastic waves in the 
lattice being quasi-particles (phonons), a concept which appeared 
as the result of the development of the Debye theory of heat capac- 
ity, has proved fruitful and is widely used in modern solid-state 
physics. It will be shown later that many phenomena that appear 
in polymers at low temperatures are phononic in nature. 


1.2. BASIC CONCEPTS OF THE HEAT CAPACITY 
OF POLYMERS 


According to Debye's theory, formula (1.22) should be valid 
for solids at T < 0/12. The results of experimental investiga- 
tions of the heat capacities of polymers at low temperatures (7) 
show, however, that, even with this condition being fulfilled, above 
5-10 K the Debye equation failsto describe the temperature depend- 
ence of C, even qualitatively. This is associated with the neglect 
in the Debye theory of the anisotropy of the forces of interatomic 
interaction in polymeric chains. One of the first theories of heat 
capacity that could be used to describe the thermal properties 
of polymers has been proposed by Tarasov (8). 

The Tarasov Theory. Tarasov (8-12) applied the basic proposi- 
tions of Debye's theory, which holds for an isotropic elastic contin- 
uum (a three-dimensional continuum), to one-dimensional and 
two-dimensional continuous media. 

In the Debye approximation for a three-dimensional lattice 
the distribution function of natural frequencies, Фф (v), may be 
written in the form: 

g (v) = IN viov? (1.24) 


Thus, the distribution function of the frequencies of normal vibra- 
tions in a three-dimensional lattice is directly proportional to the 
square of the frequency v. The number ds, of natural vibrations of 
a lattice or a three-dimensional continuum in the frequency range 
v to v -+ dv is given by the expression 


ds, = Ф (v) dv = 9N vp v?dv (1.25) 
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Tarasov found that in the case of a two-dimensional continuum, 
i.e., a planar or surface network of atoms (a vibrating membrane 
can be used as an analogy), the number of natural vibrations, ds,, 
between frequencies v and v + dv will be equal to 


ds, = 6Nv;2vdv (1.26) 


With a one-dimensional continuum, i.e., an elastic rod, which 
represents, to a certain extent, an oscillating chain of atoms in 
the Tarasov theory, the number of natural vibrations between fre- 
quencies v and v + dv equals 


ds, = 3N vd dv (1.27) 


In Debye’s theory, the number of natural vibrations in the 
lattice is brought into agreement with the total number of vibra- 
tional degrees of freedom (34) of a system consisting of N one- 
dimensional harmonic oscillators by using the relation 


et) dv =3N (1.28) 
0 


where q (v) is defined by expression (1.24). 
Hence, for a three-dimensional continuum 


Ут 
[ ds = 3N (1.282). 
0 
By analogy, in the Tarasov theory we also have 
Vim Vom 
| ds, —3N and | ds, = 3N 
0 0 


In this case, 3N is the total number of vibrational degrees of 
freedom for a chain or layer. 

In a general case, expressions (1.25) through (1.27) may be writ- 
ten in the following form: 


ds, = IMN vg v"! dy (1.29) 
where ds,, is the total number of natural modes of vibration in 
the interval dv for an m-dimensional continuum (m = 3 in the 
case of a lattice; m = 2 for a layer; and m = 1 for a chain). 

Using formula (1.29) and expression (1.8) for the average energy 
of a quantum harmonic oscillator, E, we obtain for the total vibra- 
tionai energy of the m-dimensional continuum: 

Ут 
Uo | E, ds,, (1.30) 
0 
2* 
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In turn, the vibrational heat capacity of the m-dimensional 
continuum is equal to 
vm 


8U m 0 
Ü 


Substituting expression (1.8) into formulas (1.30) and (1.31) and 
taking cognizance oí relation (1.16), we obtain an equation Íor 
vibrational energy (8): 

Tom bs 


U,,=3mR T | 


e 
0 


zm dz 
ex —1 





(1.32) 


Making use of expression (1.32) for the case of m — 3 (a three- 

dimensional continuum), Tarasov derived the usual expressions 

(1.18) through (1.20), which follow from the Debye theory. 
For the case of m — 2 (a two-dimensional. continuum) the fol- 

lowing expression obtains for the heat capacity: 

0 

C, — 3ND, (72 ) (1.33) 

where D,(0,/T) is the Debye two-dimensional function. This 

function is defined as 





ө 


2 D: 
р, (+) =2 (4 k (Pye am 1.34 
(Que T et) nn 


For a one-dimensional continuum (m = 1) 
C, — ND, (+) (1.35) 


where Ө, is the characteristic temperature (for т = 1); D, (0,/T) 
is the Debye one-dimensional function. 
Р NX (a ee 
1 2 —— е ———————— — 
D, (+) ~ 0, | (e9/T — 14) d ( T | (1.36) 
0 
Using the approximate values of the integrals at 0,,/T > 1, 


the equations for the heat capacities of chains, layers, and lattices 
can be represented in the form (8): 


C,— 22А (=) (1.37) 
C,=43.272R( 4) (1.38) 
C= R(E) (1.39) 
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The characteristic temperatures Ө, and 0, are connected with the 
Debye temperature 05 = Ө; by the relations Ө, = 1.5 04 and 
0, = 1.125 Ө». 

Equations (1.37) and (1.38) have been specifically derived for 
describing the temperature dependence of the heat capacities of 
solids whose structures are built of chains or layers of very strongly 
bonded atoms, with, say, the bonds of principal valences. This 
is on the condition that the interaction between chains or between 
layers themselves is weaker (for example, the interaction due to 
van der Waals forces). This version of the heat-capacity theory pro- 
posed by Tarasov has come to be known asthe theory of non-inter- 
acting chains or layers. 

An essential feature of the equations given above, (1.33), (1.35) 
and (1.37), (1.38), is that they are intended for the calculation of 
the heat capacities of solids having a lamellar or chain (as in the 
case of polyethylene) structure, in which the forces of interaction 
between layers or chains are several orders of magnitude lower than 
in the plane of the layers or along the chains. In the region of very 
low temperatures, at which the effect of the weak forces of inter- 
action between layers or chains is manifested, the lengths of 
Debye waves (elastic waves arising in the lattice due to the thermal 
vibrations of atoms) are still sufficiently great as compared with 
the distances between the structural elements of the lattice. Here 
the distribution function of the natural vibrational frequencies of 
the lattice, q (v), (the spectrum distribution density) is propor- 
tional to v? and is defined by expression (1.24). Therefore, the 
heat capacity of solids possessing a lamellar or chain structure at 
very low temperatures obeys the Debye T-cube law (the Debye 
third power law). 

As the temperature rises there will come a time when the inter- 
action between layers or chains begins to play a secondary role. 
The frequency distribution in the vibrational spectrum of such 
solids degenerates more and more into the frequency distributions 
typical for a monomolecular layer or a one-dimensional chain. 

This change in the character of the temperature dependence of 
heat capacity has been considered in a more systematic way by 
Tarasov in a theory of heat capacity which takes into account the 
interaction of chains and layers. In order to take into account all 
the intermediate conditions, in addition to the limiting cases of 
the weak interaction, which may be neglected as compared with 
the interaction inside the chains and layers, Tarasov assumed that 
in a situation of interacting chains not all the 3N modes of vibra- 
tion, whose frequencies are in the range from v,, to 0, are distrib- 
uted by the law of the linear continuum [Eq. (1.27)]; only а cer- 
tain number (3N), corresponding to the frequencies between Vm 
and vı, are. Then for a one-dimensional continuum we obtain in- 
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stead of Eq. (1.27): 
ds; = 3N, (Vm — v) dv (1.40) 


In this case, instead of expressions (1.28) and (1.282), we must 
write: 

"m 

| ds; -3N, (1.41) 

Vi 
The parameter v, is the limiting vibrational frequency of an atom 
of a given chain in the force field of surrounding chains. Here it 
is assumed that the vibrations, to which there correspond fre- 
quencies lower than v, (i.e., from 0 to vj), are distributed not by 
the law of the linear continuum [Eq. (1.40)] but by the Debye law 
for a three-dimensional continuum, which in this particular case 
takes the form: 


ds, = 9N,vi?v?dv (1.42) 
Obviously, the total number of atoms in the system under consid- 
eration is N = N, + N.. It follows that the total number of 
vibrational degrees of freedom of N, atoms for which relation 
(1.42) holds true is determined by the following expression: 
un 
I ds, — 3N, (1.43) 
0 


Tarasov (8) gives the following expression for the vibrational ener- 
gy, Uxa, of interacting chains: 





Ут Vi 
3N һу h 
Uu — | = кы aie dv (1.44) 
0 GAT _4 m E —4 


Making the substitutions hv/kT = z and hv,/k = 0, in Eq. (1.44), 
we obtain the following formula for the heat capacity of interact- 
ing chains: 


Cus) =D, (st) - 32 [D (3 T = р, (#2 )] (1.45) 


where D, is the heat-capacity function of a linear continuum for 


non-interacting chains; D. isthe ordinary heat-capacity function. 
The expression for the heat capacity of interacting layers, Cag, 
is deduced in an analogous way: 


Сау = D, (2 )-( a | 5. (-® )— D. (2) | (1.46) 


where D, is the heat-capacity function of non-interacting layers. 
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From Eqs. (1.45) and (1.46) it follows that the temperature depen- 
dence of the heat capacity of a system consisting of interacting 
layers or interacting chains can be expressed in terms of the char- 
acteristic temperatures 0, and 0, that determine the spectrum 
of "internal" vibrations of the chains or layers. In calculations, 
use is also made of the characteristic temperature 0, which takes 
into account the interaction of these vibrations. 

At very low temperatures Eqs. (1.45) and (1.46) lead to a cubic 
dependence of heat capacity on temperature. Indeed, at T — 0 


Б, (+) =R (4) (1.47) 
Т \2 
D, (+ \= 43.9728 (=) (1.48) 
Р, і (-)-R л ( (s) (1.49) 
Substituting expressions (1. n through (1.49) into Eqs. (1.45) 


and (1.46), we get: 





саваар на) азо 
ву aen +) =£ wR.) (1.51) 


where 
0,501702? апа 0,,= 031320 


From the equations given above it follows that with a substan- 
tial difference between the characteristic temperatures, when 
0,/0, > 1 (or when 0,/0, > 1) there may exist such a temperature 
region in which C, is proportional to T (for chains) and C, 
is proportional to 7? (for layers), since the bracketed differences 
in Eqs. (1.45) and (1.46) are then sufficiently small. When the 
temperature is even lower, we see a departure from the 
dependences C, o: T and C, « T?, respectively, and the heat 
capacity begins to be dependent on temperature according to the 
T-cube law. Evidently, when the ratio 0,/0, changes from 0 to 1, 
there are possible all kinds of dependences of heat capacity on 
temperature that lie between the functions C, c T (for the case 
of non-interacting chains) and the Debye law С œ T°. 

One can hardly expect, however, that the temperature depend- 
ence of heat capacity can be fully described by the above equa- 
tions which take into account the presence of linear or two-dimen- 
sional structures with a weak or strong interaction. Just as in the 
case of the use of the ordinary Debye equation, the spectrum of 
normal vibrations of a continuum is sometimes combined with 
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one or more vibration frequencies of side groups. Tarasov (8) 
noted in 1950 that the temperature dependence of the heat capac- 
ity of organic polymers can be described by combining the rela- 
tions derived by him, (1.45) and (1.46) or (1.33) and (1.35), with 
the Einstein functions for the characteristic frequencies of side 
groups. 

Wunderlich (13) and later Tucker and Rees (14) made use of 
the Tarasov theory for describing the temperature dependence 
of the heat capacity of a number of polymers and showed that 
this theory is in good agreement with experimental data. Later, 
however, Baur (7) noted that it remained unclear to what extent 
this agreement derives from the correctness of the choice of the 
physical model, since the Tarasov theory, while enabling suf- 
ficiently accurate calculations of the spectrum of valence vibra- 
tions in the low-frequency region, disregards the spectrum of defor- 
mation vibrations. 

The Tarasov theory has also been criticized by Lifshitz (15). 

The Lifshitz Theory. Lifshitz (15, 16) focused his attention on 
the fact that Tarasov had ignored some important points arising 
from the unusual law of dispersion of elastic flexural waves in the 
limiting case of non-interacting chains and layers. Lifshitz (15) 
considered anew the question of the dispersion law for the long- 
wave part of the vibrational spectrum of a lamellar crystal as a 
whole, using an approximation which, as well as the equations of 
the theory of elasticity of a strongly anisotropic body, also takes 
into account the transverse rigidity of atomic layers or chains. 

In the case of crystalline structures, which are systems of weakly 
interlinked lamellae or chains, dispersion laws other than the 
Debye and Tarasov theories were used for elastic waves. For waves 
that propagate in non-interacting chains the following relations 
were applied: 

Q3 = ck, (longitudinal waves) (1.52) 
орз = yk? (flexural waves) (1.53) 


where the z axis coincides with the chain axis; c is the velocity of 

elastic waves; k, is the projection of the wave vector onto the z 

axis; y = av/n (a is the interatomic distance in the chain; v is 

the “transverse rigidity” of the chain, a dimensionless parameter). 

Taking into account the contributions of both longitudinal and 

flexural waves to the energy, Lifshitz obtained an expression for 
the heat capacity of non-interacting chains: 

2 2 

C= МЕн [2-) 12mm) | (1.54) 

m L 0 d 

where y, zz (2.3/V v); yg ах V v; 0, is the "longitudinal" Debye 

temperature. 
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At low temperatures, when 7 < Ө, the heat capacity is equal to 
1/2 
C,- Nin, (=-)" (1.55) 
1 


Thus, unlike Tarasov, who predicts for this case a linear dependence 
of heat capacity on temperature [Eq. (1.37)], Lifshitz found that 
C, is proportional to |/ T. For the case of non-interacting layers 
at T < 9 he uses the following relation (15): 


C, — NEN T (a? 
2 7 12 hy 


where (a’)? is the area of a unit cell in the plane of the layer; 
Y = ca, Ө, = пћс/Ка'. 

Thus, in the case of interacting layers as well the Lifshitz 
theory leads to dramatically different results as compared with 
the Tarasov theory [see Eq. (1.38)]. 

In order to describe real chain and lamellar structures an at- 
tempt has been made (15) to take into account the interaction 
between chains (or layers). For this purpose, use was made of the 
law of dispersion of elastic waves in a crystal (17) in which the 
interaction forces acting in one direction are strongly different 
from the forces that act in the other two directions. It was as- 
sumed that the crystal has an axial symmetry. This is characteristic 
of crystals of the hexagonal system. 

For interacting chains Lifshitz (15) derived the following ex- 
pressions for heat capacity: 








e Nk (1.56) 
2 


\3 


C= ae ) at Т < 1р0 (1.57) 


-B(T)^ at OKTO £ (8 « E) (1.58) 


where A and B are coefficients expressed in terms of the elastic 
moduli of the crystal and the "transverse" rigidity of the chains 
(15); n? = G/E (G is the shear modulus and E is Young's modulus 
along the z axis). 

For the heat capacity of structures with interacting layers Lif- 
shitz (15) derived the equations: 


CHA (F) at r«w9 (1.59) 
, "G : 
C=B,( Z)? at пө <7<8у Z (1.60) 
where A and B are coefficients which are functions of the elastic 


moduli of the crystal and of the "transverse rigidity" of the layers; 
` = G/E, (E, is Young's modulus in the plane of the layer). 


16 CH. 1. HEAT CAPACITY OF POLYMERS AT LOW TEMPERATURES 


Equations (1.54) through (1.60) clearly have not been used for 
describing the temperature dependence of the heat capacity of 
polymers since even qualitatively they are not confirmed by ex- 
periment. 

It should be noted that neither the Lifshitz nor the Tarasov 
theory takes into account many of the special features of polymers. 

The Hecht-Stockmayer theory (18), which takes intermolecular 
interaction into account in the calculation of the vibrational spec- 
trum of polymers is to a considerable extent free from the short- 
< comings mentioned above. For the 

purpose of calculations, Hecht 

and Stockmayer took a simple 
tetragonal lattice, which they 
used as a model of a polymeric 
crystal formed of chains arranged 
in parallel (Fig. 1.1). It was as- 
sumed that allthechain links have 
the same mass m and that the 

distance between the links is с 

I =ba 
FIG. ил. Tie Stier One the оа аа нам 
model of a ый crystal (18), : с 
taking into account various force Action between the chains was 
constants. Polymeric chains are determined with the aid of the 

arranged along the z axis. force constant a, which takes ac- 

count of the interaction between 
the nearest neighbours in the x and y directions (at right angles 
to the chain axis) and also of the force constant B, which takes 
account of the interaction between neighbouring atoms (the va- 
lence forces) in the z direction (along the main chains). The inter- 
action between other neighbouring links was described by intro- 
ducing the force constants 2y and 2y', which take into account the 
influence of the links along the diagonal in the planes zz and yz 
(2y) and also in the plane zy (2y') (see Fig. 1.1). Finally, the force 
constant x takes account of the deformation of valence angles. 

For numerical calculations Hecht and Stockmayer made use of 
the following reduced values of the dimensionless force constants: 
a, = 0.03968; B, = 0.992; x, = 0.0992; y, = ү, = 0.002. 

The ratio В/о = 25 reflects the fact that the valence bonds play 
a substantially greater role than the bonds arising from the van der 
Waals forces between adjacent chains. The ratio x/B = 0.1 is a 
good approximation for paraffins. For all the force constants used 
in the Hecht- -Stockmayer model the inequality f > x >a > 
> ү = ү’ holds true. 

Hecht and Stockmayer (18) considered the equations of motion 
of a polymeric crystal, taking account of all the force constants 
given above. They arrived at an approximate solution of the secu- 
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lar equation for a simple lattice and showed that there correspond 
to this equation three acoustical branches, two of which coincide 
(they degenerate). The branches that degenerate characterize the 
natural vibrations at which the chain links are displaced perpen- 
dicular to the direction of the chain (deformation vibrations). 
The third acoustical branch defines natural vibrations at which 
the links are displaced along the chain (valence vibrations). Hecht 
and Stockmayer deduced an expression for the distribution func- 
tion of natural vibrational frequencies and examined the manner 
in which it changes in the limiting case of low temperatures. 

For heat capacity at constant volume these authors obtained 
the following expression: 

v=1 
C,=3R | f (x) dI (х) (1.61) 
у=0 
where f (x) = a?e*/(e* — 1)2; z = (Tm/T)y (Tm is the character- 
istic temperature, Tm = hv,,/k); I (v) is the reduced integral 
distribution function of normal vibration frequencies. 

To calculate heat capacity using Eq. (1.61) it is necessary to 
perform a graphical integration of this equation. Such calcula- 
tions have been carried out by Hecht and Stockmayer, who tabu- 
lated values of C,/3R as a function of the parameters 7/T,, and 
9 »/T. From Eq. (1.61) we see that the dependence C, oc 7? will 
hold true only in a very narrow temperature range near 0 K. At 
higher temperatures C, is proportional to 7?. It is interesting 
that, according to the Hecht-Stockmayer theory, the dependence 
С, oc T? is possible not only for lamellar structures. 

The model proposed by Hecht and Stockmayer is a highly sim- 
plified model which by no means reflects fully the structure of a 
real polymer. Nonetheless it takes into account two most important 
features of polymers: the anisotropy of polymeric chains, which 
is defined by the inequality В/о > 1, and chain flexibility, which 
is represented by the force constant x. It should be noted that the 
Hecht-Stockmayer model can be used for quantitative calculations 
only when the chains of a polymer are straightened. If the struc- 
ture of a polymer is such that its chains form many gauche con- 
formations or are helices (these two cases are most frequently 
encountered), the theory does not fit heat capacity values arrived 
at through experiment. 


1.3. METHODS OF MEASURING HEAT CAPACITY 
The measurement of heat capacity is based on the use of the for- 
mula 


C= lim (25) (1.69) 


AT>0 AT 
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Thus, for heat-capacity measurements to be made a strictly spe- 
cified quantity of heat must be applied to the test sample, whose 
mass is known, and the associated change in the temperature of the 

sample is then determined. 
Such a direct method of measuring heat capacity at low temper- 
atures was first used by Nernst (19, 20) and Eucken (21), in order 
to design precision vacuum low- 


lil temperature calorimeters. These 
instruments served as the basis 

dou for the development of modern 

— pump calorimeters intended for measur- 





ing the heat capacity of poly- 
mers at low temperatures. One 
of the difficulties encountered in 
heat-capacity measurements at 
low temperatures is associated 
with the fact that the heat given 
off by the heater in the calori- 
meter is consumed not only for 
heating the sample but also for 
heating the calorimeter itself and 
is partly lost to the surround- 
ings. In this connection, the 
heat capacity found by direct 
measurements is equal to 


Cexp == C, + C 


where C is the heat capacity of 
the test sample and C, is the heat 
capacity of the calorimeter. 
. One of the basic problems of 
FIG. 1.2. Schematic representa- Jow temperature calorimetry is 
tion of a low-temperature calori- . 
meter: the decrease of the quantity C, as 
1—Dewar vessel; 2—condensed gas (со01- compared with the heat capacity 
ing agent); 3—electric heater; ¢—adia- of the samples being investi- 


batic jacket; 5—calorimetric vessel; 6— d 
sample; 7-—thermometer; 8—evacuatea gated. 


Jacket. As a rule, adiabatic calorime- 

ters are employed for measuring 

the heat capacity of polymers at low temperatures. A schematic 
representation of such a calorimeter is given in Fig. 1.2. The poly- 
mer whose heat capacity is to be measured is placed in a metallic 
container, inside which there is an electric heater and a thermome- 
ter (ordinarily, resistance thermometers are used). The container 
with the sample, the heater and the thermometer is in fact a calo- 
rimeter. The calorimeter is suspended by thin filaments of a mate- 
rial of low thermal conductivity inside another hermetic vessel 
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in which a vacuum of the order of 10-3 Pa is created. Between the 
walls of this vessel and the calorimeter there is one more inter- 
mediate jacket on which are placed the heater and thermocouples 
intended for regulating and controlling the temperature inside 
the jacket. The vacuum vessel together with the calorimeter and 
the intermediate jacket is placed in a Dewar vessel filled with 
liquid helium. The helium-filled Dewar vessel is in turn put in 
a Dewar vessel filled with liquid nitrogen. 

Before the measurements are started a small amount of gaseous 
helium is introduced into the vacuum vessel to improve the heat 
exchange between the polymer sample and the coolant (liquid 
helium). After the sample has acquired the desired temperature 
the gaseous helium is pumped from the vacuum vessel. Then the 
electric heater of the calorimeter is supplied with voltage and a 
current is passed through the heater for a specific period of time. 
Knowing the current and voltage in the heater and the time for 
which the current is passed through the heater, it is easy to calcu- 
late the amount of heat released by the heater. Having measured 
the temperature change AT.in the test sample, one can find its 
heat capacity. 

It has already been said above that the consumption of heat for 
heating the calorimeter and the heat losses (both of which are deter- 
mined by the heat capacity of the calorimeter, С,) considerably 
limit the accuracy of calorimetric measurements. To improve 
the accuracy of calorimetric measurements one has either to accu- 
rately account for heat losses (to accurately determine C,) or reduce 
them to such an extent that they can be disregarded (C, < C). 
This has led to the development of two methods of low-temperature 
calorimetry. The first method is asfollows. The intermediate jacket, 
the temperature jof which can be controlled, is made in such a way 
thatit hasa heat capacity sufficient for maintaining a constant tem- 
perature throughout the experiment. The instruments based on 
this principle have come to be known as isothermal calorimeters. 
The second method relies on the temperature of the intermediate 
jacketbeing automatically maintained equal to the temperature of 
the calorimeter. In this case the heat exchange between the calo- 
rimeter and the surroundings will be minimal. The intermediate 
jacket in this case iscalled adiabatic and the instruments based on 
this principle are called abiabatic calorimeters. A typical instru- 
ment of this type is the calorimeter designed by Furukawa (22). 

To measure the specific heat capacity of polymers at low tem- 
peratures, use is made, as a rule, of adiabatic calorimeters. The 
special features of calorimetric measurements at low temperatures 
are described in the literature (22-36). 

In order to reduce the heat capacity of the calorimeter, C,, 
during low-temperature measurements, the sample of a solid itself 
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is sometimes used as the calorimeter. In such a case, the heater and 
the resistance thermometer are inserted into the sample. This 
type of calorimeter has been used for measuring the heat capacity 
of polymers by Passaglia and Kevorkian (37). They reduced the 
heat capacity of the calorimeter by a factor of 17, lowering it to 
5 per cent of the total heat capacity. 

It should be noted that the experimentally determined quantity 
in calorimetric measurements is the specific heat capacity at con- 
stant pressure, C,. In theoretical calculations, however, use is 
most frequently made of the heat capacity at constant volume, 
C,. These two parameters are interrelated as follows: 


Cp — Cy = Tv f?/x (1.63) 


in which relation В is the thermal volume expansion coefficient. 
which is equal to 


1 Qv \ 

Becr (1.64) 

and x is the isothermal compressibility, defined by the expression 
1 / дь 

х= —— (2), (1.65) 


At low temperatures, when 7 — 0, B also decreases and the 
difference Cp — C, becomes negligibly small as compared with C,. 
Therefore, at low temperatures the heat capacities of polymers, 
C, and C,, may be assumed to be roughly equal. 


1.4. THE HEAT CAPACITY OF POLYMERS 


The thermal characteristics of polymers near the temperature 
О К, unlike those of low-molecular-mass substances, have been 
little studied. The majority of experimental data on specific heat 
capacity of polymers at low temperatures refer to the temperature 
range, the lower limit of which corresponds to the temperature of 
liquid hydrogen (about 20 K) and the upper limit to room tem- 
perature. This temperature range turns out to be sufficient for the 
calculation from the measured values of specific heat capacity of 
the main thermochemical parameters of polymers (enthalpy, 
entropy). These are of great technical value. Incidentally, of im- 
portance for the elucidation of the mechanism of the heat capacity 
of polymers are measurements carried out at lower temperatures. 
'The measurement of heat capacity of polymers in the temperature 
range from 1 to 20 K is of the greatest interest for the comparison 
of experimental evidence with results of theoretical calculations 
and also for the elucidation of those specific features of polymers 
which distinguish them from low-molecular-mass solids. 
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Attempts to extrapolate the values of specific heat capacity of 
polymers measured at 20 K to lower temperatures do not, as a rule, 
lead to consistent results. Typical in this regard is the history of 
measurements of the heat capacity of polytetrafluoroethylene. 
In 1952 Furukawa and his coworkers (38) measured the heat capac- 
ity of this polymer in the temperature range 15-365 K and, using 
the Debye function, extrapolated the results obtained to the region 
of helium temperatures down to 0 K. A comparison with the values 
of heat capacity obtained by direct calorimetric measurements 
(39, 40) has shown that the error due to extrapolation is 200 per 
cent. Such a considerable difference in the value of heat capacity 
does not, as a rule, lead to very large errors in calculations of 
entropy, which is why extrapolation is sometimes used to deter- 
mine the thermochemical parameters of polymers. But to obtain 
reliable information on molecular motion and the vibrational spec- 
trum of a polymer requires more precise values of heat capacity, 
which can be obtained only from direct calorimetric measurements 
at helium temperatures. 

One of the difficulties in the measurement of specific heat capac- 
ity at low temperatures is the very low thermal conductivity of 
polymers. This explains why a prolonged period of time is required 
for the setting up of a thermal equilibrium in the sample, some- 
thing which considerably complicates the experiments. Usually, 
in order to eliminate this difficulty, use is made of a large number 
of small pieces of the polymer to betested, while in order to improve 
the thermal contact use is made of a thermal exchange gas (as a 
rule, helium). But in this case, new complications arise, associated 
with the absorption of heat by the exchange gas. 

The comparatively small amount of experimental data on the 
specific heat capacity of polymers at low temperatures is also due 
to the considerable difficulties that arise in a theoretical interpre- 
tation of the results obtained. Indeed, at a first approximation it 
can be assumed (7) that the heat capacity of polymers in the solid 
state is given by: 

C = С, + C, + C; (1.66) 


where C, is the heat capacity due to lattice vibrations (this contri- 
bution to heat capacity is greatest at low temperatures); C, is the 
heat capacity due to characteristic vibrations, including the inde- 
pendent motion of individual groups in a repeating unit of the 
polymer; C, is the heat capacity due to the presence of defects. 
‘Lhe elucidation of the role of these contributions to the heat 
capacity of polymers even in the region of low temperatures, 
where the situation is substantially simplified, presents consid- 
erable difficulties. In this connection, the use of sophisticated 
models, such asthe Hecht-Stockmayer model (18) and the Genensky- 
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Newell model (41), are hardly of great interest, considering the 
scarcity of experimental data. More important at present is the 
comparison of experimental values of the heat capacity of poly- 
mers at low temperatures with the simplest, though rather approx- 
imate, models, such as the Debye and Tarasov models. In this 
connection, one of the tasks is to establish the limits of applica- 
bility of the Debye theory to polymers. At first glance, the use of 
the Debye theory for describing the behaviour of the heat capac- 
ity of polymers seems to be unjustified since this theory does not 
take into account the main feature of polymeric chains—their one- 
dimensional structure. In actual fact, during the propagation of 
long Debye waves (when low-frequency vibrations are excited) 
polymeric chains interact with one another as a result of the pres- 
ence of the forces of interchain interaction. As a result, in the 
polymer there arise three-dimensional vibrations, which are de- 
Scribed by the Debye theory. 

In the case of the propagation of short Debye waves (when high- 
frequency vibrations are excited) the principal role in the spectrum 
is played by the vibrations directed along the skeleton of the poly- 
meric chain. Obviously, it is in this case that the one-dimensional 
nature of the polymeric chain is manifested. The simplest con- 
tinuum model, which takes into account both the three- and one- 
dimensional nature of the polymer, is the Tarasov model. 

Nevertheless, neither the Debye nor the Tarasov model can 
provide an exact picture of the behaviour of the heat capacity of 
polymers since they ignore the dispersion of Debye waves. From 
the Debye theory it follows that the dependence C oc 7? must be 
observed at T < 0/12; because of dispersion, however, this 
dependence is observed at T < 0/80 or at even lower tempera- 
tures. It should be noted that the presence of dispersion may greatly 
distort the form of the dependence of heat capacity on temperature. 
Thus, while the Debye theory predicts that C/T? — constant, the 
presence of dispersion must lead to an increase in the quantity 
C/T? with temperature. According to the Tarasov theory (for a one- 
dimensional and a two-dimensional continuum) the quantity 
C/T? must decrease with rise of temperature. In the case of dis- 
persion the quantity C/T? can remain constant even at relatively 
high temperatures. 

Thus, the analysis of the temperature dependence of heat capac- 
ity at very low temperatures gives one access to important infor- 
mation on the nature of polymers and the methodology of a theore- 
tical description of this class of substances. 

The temperature dependence of the heat capacity of polymers 
at very low temperatures shows some specificity. It is essential 
that the heat capacities of amorphous and crystalline polymers 
differ considerably at low temperatures. The heat capacity of 
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amorphous polymers at low temperatures is, as a rule, higher than 
the heat capacity of partly crystalline (especially, strongly crystal- 
lized) polymers. It would be of interest to find out how the low- 
temperature heat capacity of a polymer is changed when its degree 
of crystallinity is altered. However, the only crystalline polymer 
that has been studied to a sufficient extent is polyethylene. 

We shall see below that the differences in the temperature depen- 
dence of the heat capacity of amorphous and crystalline polymers 
are not accidental. Typical in this respect is polyethylene. 


1.4.1. THE HEAT CAPACITY OF CRYSTALLINE POLYMERS 


Polyethylene. This polymer is the most convenient subject for 
the study of heat capacity at low temperatures, given that it has 
a simple chemical structure—its formula is (—CH,—),—and 
there are no bulky side groups, the motion of which can make a 
considerable contribution to low-temperature heat capacity. 

In order to compare the available experimental data with the 
results of theoretical calculations one must know the molar heat 
capacity of the polymer. By the molar heat capacity of a polymer 
is meant the heat capacity per 1 mole of the repeating unit. It is 
believed (42) that in a polymer having a structure of type (A) 
the gram-mole is the molecular mass of the group (A) expressed 
in grams, while in polymers with a structure of type (AB) it is the 
molecular mass of the group (AB) expressed in grams. The correct- 
ness of this definition is confirmed by the fact that at high temper- 
atures Dulong-Petit law holds true: for substances of type A the 
heat capacity C at high temperatures tends to 0.025 kJ/(mole -K) 
and for polymers of type AB it tends to 0.050 kJ/(mole .K). 

Since the repeating unit of polyethylene is the methylene group 
ЄН», it is natural that all data on the molar heat capacity of this 
polymer refer to the mass m — 14.03 g. Polyethylene is a partly 
crystalline polymer which forms an orthorhombic cell upon 
crystallization. The density of completely crystalline poly- 
ethylene is o=0.999 Mg/m? (43, 44), and tha tof completely amor- 
phous polyethylene is p = 0.8525 Mg/m? (45). 

Among the first scientists to study the heat capacity of polyethyl- 
ene at low temperatures were Sochava and Trapeznikova (46). 
Using an adiabatic vacuum calorimeter, they measured the spe- 
cific heat C, of polyethylene in the temperature range 58 to 273 K. 
It was found that if the experimental data are represented in the 
form 


C = АТ" (1.67) 
(where A is a constant), then in the temperature range 58 to 95 K 
the value of m changes continuously from a value greater than 
3—0124 
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unity to a value equal to 0.89. In the range 95-185 K the value of m 
remains constant and equal to 0.89, and at temperatures 185 K 
and higher m increases. Since m — 1 according to the Tarasov theo- 
ry and m = 0.5 according to Lifshitz, it was concluded (46) that 
the Tarasov model is in better agreement with experimental results. 
Later, Sochava (47) investigated the behaviour of the heat capac- 
ity of polyethylene at lower temperatures (from 17 to 60 K) and 
found that in the temperature range studied the value of m changes 
from 2.15 (17 K) to 1.1 (60 K). From this it follows that in this 
region the dependence of heat capacity on temperature is in con- 
tradiction to the Debye theory and that the chain interaction can- 
not be ignored in a theoretical analysis. Sochava and Trapeznikova 
(46, 47) indicated neither the density nor the degree of crystalli- 
nity of the polyethylene investigated, which is why a theoretical 
interpretation of these experimental data cannot be unambiguous. 
This shortcoming has been considerably eliminated by Dainton 
and coworkers (48), who studied polyethylene samples of differ- 
ent crystallinity over a temperature range of 20-30 K. A detailed 
analysis of the available literature on the heat capacity of poly- 
ethylene at low temperatures has been carried out by Wunderlich 
(49, 50). This author has systematized the experimental values of 
Cp for polyethylene at temperatures from 1 to 420 K and calcu- 
lated the enthalpy and entropy of the polymer; he has also calcu- 
lated C, for completely amorphous and completely crystalline 
samples. It was found that from 1 to 100 K the specific heat C; 
of amorphous and completely crystalline samples of polyethylene 
is practically the same and only at T > 100 K does the specific 
heat of the amorphous sample begin to exceed the C, value of the 
crystalline sample. From the experimental data reported by 
Wunderlich (49) it follows that at temperatures from 1 to 5 K 
the heat capacity of polyethylene strictly follows Debye's cube 
law. The Debye characteristic temperature calculated from exper- 
imental values of heat capacity is 0, = 231 K. It seems strange 
that the specific heat of polyethylene in the helium-temperature 
region does not depend on the degree of crystallinity equal to 


P — Pam Р 
А Per — Pam (bo) 
where p is the density of the given polymer; per and Pam are, res- 
pectively, the densities of crystalline and fully amorphous sam- 
ples oÍ the given polymer. 

In this connection, Tucker and Rees (14) and later Rees (33) 
once again considered the problem of the effect of the degree of 
crystallinity on the heat capacity of polyethylene in the helium- 
temperature region. Using the results of investigations carried 
out by them (14, 33, 40) over the temperature range 1 to 30 K 
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and also the experimental data obtained by other authors (48, 51), 
they showed that the heat capacity of polyethylene depends on 
crystallinity not only in the region of relatively high tempera- 
tures (above 110 K) but also in the helium region. Figure 1.3 shows 
the temperature dependence of the specific heat capacity of com- 
pletely amorphous and completely crystalline polyethylene. The 
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FIG. 1.3. The specific heat of a completely crystalline (C) and amorphous 
(A) polyethylene. The dashed line is a continuation of the linear dependence 
of heat capacity, which is valid for the temperature range 50 to 100 K. 


values of C, were obtained by extrapolation of experimental data 
on specific heat to À = 0 (amorphous polyethylene) and to À — 1 
(crystalline polyethylene). From Fig. 1.3 it is seen that in the region 
of low (1-50 K) and of relatively high (110 K and higher) temper- 
atures the heat capacities of amorphous and crystalline polyethy- 
lene are different. [n both temperature ranges the heat capacity 
of amorphous polyethylene exceeds the corresponding values 
for crystalline polyethylene. The temperature range from 50 to 
100 K is characteristic. Here the heat capacities of amorphous and 
crystalline polyethylene coincide and, what is more interesting, 
depend linearly on temperature, as predicted by the Tarasov theo- 
ry. Moreover, the curves of C, — f (T) have the same slope in 
this region, which indicates that the characteristic temperature 0, 
in the Tarasov theory is independent of the density of polyethyl- 
ene. This fact is an indication that in this temperature region there 
predominate in the vibrational spectrum of polyethylene one- 
dimensional vibrations, which at a first approximation are inde- 
pendent of the forces of interchain interaction (and, hence, of the 
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density of the polymer) and are determined purely by the forces 
of intrachain interaction. 

From Fig. 1.3 it can be seen that there exist two regions in 
which the heat capacities of amorphous and crystalline polyethyl- 
ene differ. The high-temperature end of the C, — f (T) curve is 
associated with the transition of the amorphous regions of poly- 
ethylene from the glassy to the high-elastic (rubbery) state. 

The dependence of C, on the degree of crystallinity below 50 K. 
is due to two factors: (1) in this region a considerable contribution 
to the acoustic spectrum of polyethylene is made by three-dimen- 
sional vibrations which are sensitive to the forces of interchain 
interaction and, hence, to the density of the polymer as well; 
(2) a considerable contribution can also be made by non-acoustic 
low-frequency vibrations which are caused by the presence of dis- 
ordered amorphous regions. 

In the temperature range 1-50 K the heat capacity of polyethyl- 
ene is linearly dependent on the degree of crystallinity (14). 
This dependence is most strongly manifested at 5 K and becomes 
weaker with increase or decrease of temperature (Fig. 1.4). Where- 
as the weakening of the dependence of C, on the degree of crys- 
tallinity with rise of temperature from 5 to 50 K may be explained 
by an increase in the frequency of normal vibrations and by the 
subsequent transition to relatively high-frequency one-dimensional 
vibrations, the reason for the decrease of this dependence with 
fall of temperature below 5 K is not quite so clear. While the heat 
capacity of partly crystalline polyethylene obeys Debye's cube 
law only up to 5 K (49, 50), the heat capacity of completely crys- 
talline polyethylene obeys it up to 9 K. For completely crystal- 
line polyethylene from 0 to 9 K the following relation holds: 


Cop = 110.4 X 10-37? J/(kmole.K?) (1.69) 


If, using relation (1.69), we calculate, by means of Debye's 
formula (1.22), the characteristic temperature 0; of fully crys- 
talline polyethylene, it will be found to be equal to 260 K. 

For a hypothetically completely amorphous polyethylene sample 
the temperature dependence of heat capacity at temperatures from 
0 to 6 K may be represented in the form: 


Cam = 0.859 x 107379 + 45.45 x 107 E (0,/T) [kJ/(kmole-K)] 
(4.70) 


where E (@,/T) is the characteristic Einstein function with the 
Einstein characteristic temperature 0g — 23 K. 

For analysing the behaviour of heat capacity at low tempera- 
tures use is often made of the plot of C/T3 against T. Figure 1.5 
shows such a plot for completely amorphous and completely crys- 
talline polyethylene. The results were obtained by extrapolating 
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to values of the degree of crystallinity equal, respectively, to 0 
and 100 per cent. From this figure it can be seen that the quantity 
CIT? for crystalline polyethylene below 10 K is independent of 
temperature, whereas for amorphous polyethylene a “hump” near 
5 K is observed. Thus, the temperature dependence of the heat 
capacity of amorphous polyethylene differs qualitatively from the 
same dependence for the fully crystalline polymer. The difference 





0.022 
0.018 003 
D 
б $^ 
S + 
S X 
X 0.074 Š 002 
x S 
x 3 
јр. 0010 = 
of ай 
0.006 
0 25 4 77 100 Ü 
À, per cent LK 


FIG. 1.4. The specific heat of poly- FIG. 1.5. The parameter C/T? agains 
ethylene against the degree of crys- temperature for completely cryst 
tallinity À at various temperatures. talline (C) and completely amor- 
phous (4) polyethylene. The dashe- 
line represents the data calculated 
according to the Tarasov theory.d 


is that even in the region of very low temperatures (1-5 K) the 
heat capacity of amorphous polyethylene cannot be fully described 
with the aid of the simple Debye formula (1.22). The heat capac- 
ity calculated from formula (1.22) is only a part of the heat capac- 
ity of amorphous polyethylene at very low temperatures. The 
remaining, "excess", or "super-Debye" part of heat capacity can 
be described by using one or more characteristic Einstein func- 
tions. The *super-Debye" · at capacity at low temperatures is also 
a characteristic feature of other amorphous solids (52). 
Experimental values for the heat capacity of fully crystalline 
polyethylene obtained by extrapolation have been used for the 
calculation of its vibrational spectrum. For such an analysis it is 
necessary to know the value of C,, which is usually calculated by 
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formula (1.63) from the experimentally obtained values of Cp. 
The difference between the values of C, and C, for polyethylene 
has to be taken into account, beginning from 70 K. Wunderlich 
(50) carried out a detailed comparison of experimental values for 
the heat capacity of fully crystalline polyethylene with the results 
of calculations based on various theories (10, 18, 53). The relevant 
data are listed in Table 1.1. 


TABLE 1.1. Experimental and Theoretically Calculated Values of the 
Heat Capacity Cy/R of Polyethylene 











T,K Experiment Tarasov theory ealeulations a 
1 0.000019 0.000019 0.0057 0.000054 
2 0.000152 0.000152 0.0548 0.000336 
3 0.000515 0.000514 0.0958 0.000944 
4 0.001219 0.001218 0.1255 0.001961 
5 0.002382 0.002377 0.1501 0.003525 
10 0.0162 0.0190 0.254 0.0234 
20 0.1129 0.1234 0.406 0.1125 
30 0.2548 0.2728 0.541 0.235 
40 0.4045 0.4208 0.674 0.364 
50 0.564 0.561 0.800 0.489 
60 0.703 0.692 0.914 0.609 
70 0.828 0.817 1.014 0.724 
80 0.939 0.932 1.103 0.833 
90 1.042 1.038 1.182 0.938 
100 1.136 1.134 1.252 1.037 
150 1.525 1.494 1.537 1.463 
200 1.878 1.774 1.805 1.817 
300 2.700 2.462 2.498 2.605 


Shimanouchi, Tasumi, and Miyazawa (53) proceeded from the 
complete spectrum of normal vibrations oí an isolated polymeric 
chain, calculated by themselves. In calculations that were made 
on the basis of the Tarasov theory for interacting chains 2/V moles 
of vibrators were taken into account. The following relation was 
derived between the Debye temperature Op and the characteristic 
temperatures 0, and 03: 


05 = 0,02 = 8.18 x 108 КЗ; 0, = 550 K; 0, = 123K 


From Table 1.1 it follows that at low temperatures (1-150 K) 
the temperature dependence of the heat capacity of fully crystal 
line polyethylene is better described by the Tarasov theory. Never- 
theless, Gotlib and Sochava (54) maintain that the Tarasov model 
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has no theoretical backing since it takes into account only valence 
vibrations, while for a real polymeric chain in the given tempera- 
ture range, according to these authors (54, 55), the principal role 
is played by skeletal torsional and deformation vibrations. 

Gotlib and Sochava calculated anew the heat capacity of crys- 
talline polyethylene over the temperature range 60-180 K. The 
calculation of the vibrational spectrum of a long regular polymeric 
chain, which is regarded as a one-dimensional crystal with a 
complex unit cell, has been made (54) on the basis of the Born- 
von Kármán method. Out-of-plane skeletal torsional vibrations, 
in-plane skeletal deformation vibrations and external deformation 
or rocking vibrations of CH, groups were examined for polyethyl- 
ene. The heat capacity was calculated by numerical integration 
from the formula 


hv 
m "max (=) Т 
6225 2-61 (y) dv (4.71) 
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where G, (v) is the density of the frequency spectrum; ук 
and Vimax) аге the minimal and maximal values of frequency in 
the lth branch; m is the number of branches. 

The authors have succeeded in arriving at a satisfactory agree- 
ment with experimental data in the temperature range 60 to 180 K. 
Such calculations cannot be extended to the region of lower tem- 
peratures since no account is taken of three-dimensional lattice 
vibrations. 

Tucker and Rees (14, 33) employed the modified Tarasov theory 
for the calculation of heat capacity. The Tarasov equations were 
used separately (for interacting chains) for longitudinal and trans- 
verse vibrations. Using the characteristic temperatures 0,, = 
= 1655 K and Ө,; = 223 K for longitudinal vibrations and 0,7 = 
= 707 K and 0,7 = 134 K for transverse vibrations, they calcu- 
lated the values of heat capacity for polyethylene. Their results 
differed from the experimental data by not more than 10 per cent. 

An attempt has been made (33) to describe the heat capacity of 
completely amorphous polyethylene (with account taken of the 
small number of non-acoustic vibrations of very low frequency) 
with the aid of an analogous model. In this case, 0,7, = 1655 K, 
Өз = 123 К, 0,5 = 707 K, and O57 = 74K. 

Polytetrafluoroethylene (Teflon). Polytetrafluoroethylene 
{—-CF,—), is a widely used, partly crystalline polymer. The molec- 
ular mass of the repeat unit is 50.01. During synthesis polytetra- 
fluoroethylene is produced in an almost completely crystalline 
form. In processing (when subjected to melting, annealing, quench- 
ing, and hydrostatic pressure) it becomes, however, partly 
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amorphous. According to the data obtained by Kilian (56), the 
density of fully amorphous polytetrafluoroethylene is Pam = 
— 2.00 Mg/m?, and that of the completely crystalline polymer is 
Per = 2.30 Mg/m?. 

Among the first scientists to study the behaviour of the heat 
capacity of polytetrafluoroethylene at low temperatures were Furu- 
kawa, McCoskey and King (38). The heat capacity was measured 
with the aid of an adiabatic vacuum calorimeter in the tempera- 
ture range 15-365 K. Four types of polytetrafluoroethylene sam- 
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FIG. 1.6. The specific heat of polytetrafluoroethylene: 


1—sample not treated after synthesis; 2—sample subjected to melting, annealing or quench- 
ing. 


ples were investigated: a powdered sample (which had not been 
treated after being synthesized), a molten sample, an annealed 
sample, and a quenched sample. The results of the investigation 
are presented in Fig. 1.6. In the low-temperature region the heat 
capacities of the various samples practically coincide; above 150 K 
the most crystalline (powdered) sample has the lowest heat capac- 
ity. This difference is associated with the unfreezing, above 
150 K, of the segmental motion in the amorphous regions, i.e., 
with their transition from the glassy to the rubbery state. The 
dependence C, — f (T) given in Fig. 1.6 for the temperature 
range 0-15 K derives from the extrapolation of the experimental 
data obtained at temperatures from 15 to 30 K with the aid of 
the Debye function. 

Rees and Tucker (40) have shown experimentally that such 
extrapolation is unsuccessful and leads to too small values of 
heat capacity. They obtained experimentally the values of heat 
capacity for polytetrafluoroethylene (p — 2.16 Mg/m?) at tem- 
peratures ranging from 1 to 4.5 K and demonstrated that the heat- 
capacity values extrapolated by Furukawa to the temperature 
range 1 to 4 K are about twice as low as the values of C, obtained 
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by them. The results obtained by Rees and Tucker (40) are given 
in Fig. 1.7. From this figure it follows that the dependence C, oc TŠ 
is valid for polytetrafluoroethylene only at temperatures not ex- 
ceeding 4 K. In this temperature range the following relation holds 
true (40): 
Cy = (4.54 + 0.45) x 10-5 7° [kJ/(kg -K)] (1.72) 
Expression (1.72) is in good agreement with the dependence 
Cy = 4 X 1027? [kJ/(kg -K)] (1.73) 


obtained earlier by Noer, Dempsey, and Gordon (39). 

The characteristic Debye temperature of polytetrafluoroeth yl- 
ene calculated by formulas (1.72) and (1.22) is 96 K. This is much 
lower than the Debye tempera- 
ture of completely crystalline 
polyethylene (231 K). Such shift- 
ing of the upper limit of the 
Debye vibrational spectrum to 
lower frequencies may have been 
caused by the considerably great- 
er bulkiness of CF, groups as 
compared with the methylene 
groups and also by the presence 
of weaker intramolecular forces. 
A considerable shifting of the 
vibrational spectrum to low fre- 
quencies in going from polyethyl- 20 ч 6p 8 
ene to polytetrafluoroeth ylene тёк 
leads to the disappearance of the FIG. 1.7. The specific heat of 
energy gap between the acousti-  polytetrafluoroethylene (р = 2.16 
cal and optical vibrations. In Mg/m?) at low temperatures. 
this connection, we would natu- 
rally expect that the heat: capacity of polytetrafluoroethylene 
would be substantially higher than that of polyethylene. Indeed, 
at helium temperatures the C, value of polytetrafluoroethylene 
is about 20 times greater than, the corresponding value for 
polyethylene. With rise of temperature this difference diminishes 
and at 300 K the heat capacities of both polymers differ only by 
a factor of 2. 

A detailed analysis of the frequency spectrum of polytetra- 
fluoroethylene has been carried out by Gotlib and Sochava (54). 
They compared polytetrafluoroethylene with polyethylene, assum- 
ing that the carbon skeleton in both polymers forms a planar 
zig-zag (which is a rather crude approximation for polytetrafluo- 
roethylene, whose molecules in fact form a helix). They used the 
force constants found with the aid of infrared spectroscopy and 
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calculated the vibrational spectrum of polytetrafluoroethylene. 
They studied the out-of-plane skeletal torsional, in-plane skeletal 
deformation and external deformation vibrations of the CF, 
groups. Analogous modes of vibration were also considered in 
an analysis of the frequency spectrum of polyethylene. Since the 
mass of the fluorine atom is greater than that of the hydrogen atom, 
other vibrational branches were also taken into account since they 
make a substantial contribution to the heat capacity of polytetra- 
fluoroethylene: torsional, deformation scissoring (or bending) 
and wagging modes of vibration of CF, groups. Computations show 
that the vibrational heat capacity of polytetrafluoroethylene cal- 
culated on the basis of a set of force constants taken from spectro- 
scopic data is in good agreement with experimental values in 
the temperature range 50-200 K. Gotlib and Sochava point out 
that the linear dependence of С„ on temperature observed at low 
temperatures may have resulted from the superposition of the 
contributions (which vary in a non-linear fashion with temper- 
ature) introduced by various branches of the entire low-frequency 
vibrational spectrum of the polymeric chain. 

Roinishvili, Tavkhelidze, and Akopian, while discussing the 
results of their measurements of the heat capacity of amorphous 
and crystalline polyethylene terephthalate (60) in the temperature 
range 10-300 K, came to the conclusion that a comparison of 
experimental and theoretical data is not invariably justified. They 
noted that in the dependence С = А7" it is essential that С = 0 
at T — 0, for which reason one should not compare portions of 
the C — f (T) curve with the equation C — A/T" if the portion 
chosen is not extrapolated to O K. This also applies, to a certain 
extent, to the theoretically calculated portions of the curves plot- 
ted by Gotlib and Sochava (54), which at 7 — 0 lead to heat- 
capacity values different from zero. 

Other Crystalline Polymers. The heat capacity of other crys- 
talline polymers have been little studied. In general, no experi- 
mental data are available on the effect of the degree of crystalli- 
nity on the behaviour of the heat capacity of crystalline polymers 
at low temperatures. Measurements have usually been carried 
out at not very low temperatures. 

Rees and Tucker (40) investigated tne heat capacity of poly- 
trifluorochloroethylene | —CF;CFCI—], (the molecular mass of the 
repeat unit is 116.47), which has a density of о = 2.114 Mg/m?, 
at temperatures ranging from 1 to 4.5 K. It has been found (40) 
that in this temperature range the heat capacity of polytrifluoro- 
chloroethylene is linearly dependent on 7° (Fig. 1.8). The Debye 
temperature calculated from formula (1.22) is 05 — 67 K. At 
helium temperatures the heat capacity of polytrifluorochloroethyl- 
ene is, almost 3 times as high as the corresponding values for poly- 
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tetrafluoroethylene. The higher values of the heat capacity of 
polytrifluorochloroethylene are possibly due to the low degree 
of crystallinity of the sample investigated. 

The heat capacity of polypropylene [—CH,CHCH,—|, (the 
molecular mass of the repeat unit is 42.08) has been studied by 
Dainton, Evans, Hoare and Melia (48). They investigated samples 
of atactic (degree of crystallinity 16 per cent) and isotactic (48 per 
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FIG. 1.8. The specific heat of poly- FIG. 1.9. The specific heat of Nylon 
trifluorochloroethylene (р = 2.114 6,6 (p = 1.14 Mg/m’) at low tempe- 
Mg/m?) at low temperatures. ratures. 


cent) polypropylene in the temperature range 20 to 30 K. It was 
found that the heat capacity of the more amorphous atactic poly- 
propylene is somewhat higher than that of its isotactic counter- 
part. This difference could not be detected by Passaglia and Kevor- 
kian (37, 58) in the temperature range 90-240 K. The heat capacity 
of atactic polypropylene, at 20 K, is 3.6 times greater than that 
of amorphous polyethylene. This cannot be explained by the con- 
tribution of the restricted rotation of the methyl groups to the 
heat capacity of polypropylene. The classical rotation of methyl 
groups at such low temperatures is impossible since the energy of 
the thermal motion of methyl groups at T < 40 K is lower than 
the potential energy barrier that hinders their rotation. 

The heat capacity of nylon (apparently, Nylon 6,6, polyhexa- 
methylene) has been measured by Rees and Tucker (40) at tem- 
peratures from 1 to 4.5 K. For this polymer (p — 1.14 Mg/m?) 
the heat capacity has been found to depend on temperature between 
1 and 3.5 K according to the 7-cubelaw (Fig. 1.9). The heat capac- 
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ity of Nylon 6 [~NH—(CH,), —C—], and Nylon 7 
|| 


O 
[—NH—(CH,), —C—], have been studied (59) at temperatures 
f 


from 70 K upwards. In the entire temperature range investigated 
the values of C, for Nylon 7 exceed those for Nylon 6. 

The heat capacity of polyformaldehyde or polyoxymethylene 
{[—CH,O—], has been studied (48) in the temperature range 
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FIG. 1.10. The temperature dependence of specific heat: 
a—polyformaldehyde Delrin-1500); b—a trioxan-based polymer. 


20-300 K. The measurements were carried out on a polymer prod 
uced by the polymerization of formaldehyde (Delrin) and on a 
powdered material produced by the polymerization of trioxane. 
The latter polymer had a high degree of crystallinity and its glass- 
transition temperature could not be found from calorimetric meas- 
urements, while with Delrin glass transition took place at 190 К 
(Fig. 1.10). Over the entire temperature range studied the polymer 
produced from trioxane has a lower heat capacity. Using the 
Debye function, Dainton (48) calculated the characteristic tem- 
peratures of both polymers (8, = 140 K for Delrin, and Ө, = 
— 129 K for the trioxane-based polymer). In the range 20-80 K 
the heat capacity of Delrin is close to that of amorphous polyeth- 
ylene. 


1.4.2. THE HEAT CAPACITY OF AMORPHOUS POLYMERS 


The main feature of the heat capacity of amorphous polymers 
at low temperatures is the departure of its temperature dependence 
from Debye's cube law. Whereas for crystalline polymers at tem- 
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peratures from 1 to 4 K the heat capacity obeys, as a rule, Debye's 
law, in the case of amorphous polymers there is observed, down 
to the lowest temperatures, a fundamental difference between the 
temperature dependence of heat capacity and the behaviour pre- 
dicted by the Debye theory. This is manifested in that even at very 
low temperatures the relation C/T? — const, which follows from 
the Debye theory, does not hold for amorphous polymers. It has 
already been said that for completely amorphous polyethylene a 
hump is observed on the plot of C/7? — f (T) near 5 K. The depar- 
ture from the dependence C/7? — const at low temperatures is a 
distinctive feature of many amorphous materials, both organic 
and inorganic. 

A similar change in heat capacity is observed with amorphous 
SiO, (61, 62), GeO,, and selenium (63) at 7 — 1 K. This effect is 
ascribed to the presence of a small number of low-frequency optical 
vibrations due to the specificity of the amorphous state. For exam- 
ple, the heat capacity of completely amorphous polyethylene at 
low temperatures can be described by combining the frequency 
spectrum based on the Tarasov theory with a small number (0.17 
per cent of repeat units) of vibrations with a characteristic tem- 
perature of 23 K. 

Thus, typical of amorphous substances is the "super-Debye", 
"excess" heat capacity. This contribution to heat capacity becomes 
especially noticeable if the Debye part, found from supersonic 
measurements (see Chapter 9) extrapolated to 0 K, is subtracted 
from the experimentally found values of heat capacity. The results 
of such calculations for polymethyl methacrylate and polystyrene 
are given in Fig. 1.11. From a comparison of the curves shown in 
Fig. 1.11 it becomes clear that, apart from the contribution of 
acoustic vibrations, the contribution from non-acoustic vibrations 
becomes substantial near the temperature of liquid helium. A re- 
markable feature is that the value of C/T? below 1.5 K falls off 
and tends to a limiting value predicted on the basis of supersonic 
measurements (33, 52). This result should be treated cautiously 
since the values of the velocity of longitudinal and transverse 
waves are measured (52) at temperatures 7 — 120 K and then 
extrapolated to 0 K. Nevertheless, for polymethyl methacrylate, 
just as for polystyrene, there exists a non-acoustic, "super-Debye" 
contribution to heat capacity at helium temperatures. 

A physical interpretation of the super-Debye contribution to 
low-temperature heat capacity is far from clear and can hardly 
be made on the basis of calorimetric measurements alone. General 
principles tell us that the excess heat capacity must be due to the 
small number of vibrations with discrete low frequencies. In 
amorphous SiO, these vibrations are active in terms of Raman scat- 
tering, which shows them as optical modes of vibration. 
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One possible physical interpretation is Rosenstock's idea (64) 
that low-frequency vibrational modes may be due to the presence 
of inner cavities or voids in the disordered structure. The vibrat- 
ing kinetic units that are present inside or on the surface of these 
cavities are bound weakly with the lattice and therefore vibrate 
independently and with a low frequency. This model presupposes 
that the extra heat capacity can be detected in partly crystalline or 
completely amorphous polymers. Using the Rosenstock model, we 
can represent the heat capacity of an amorphous polymer as the 
sum of the Debye acoustic contribution and the super-Debye heat 
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FIG. 1.11. Dependence of the parameter C/7? on temperature for polysty- 
rene (6) and polymethyl methacrylate (©) (33). The solid lines represent 
the Debye contribution to heat capacity. 


capacity due to independently vibrating oscillators. The frequency 
of the vibrations and the number of such oscillators can be found 
by using Einstein's theory of heat capacity. 

The nature of these oscillators has not yet been elucidated. 
Rees (33), for example, thinks that their role may be played by 
side groups. In the case of polymethyl methacrylate and amorphous 
polyethylene, methyl groups can play the role of oscillators (such 
groups in amorphous polyethylene play the role of branchings); 
as regards polystyrene, the situation is more complicated. The side 
groups in polystyrene are bulky phenyl groups which may be larger 
in size than the inner voids that are dealt with in the Rosenstock 
theory. A comparison of the characteristic frequencies shows that 
the mass of the vibrating kinetic unit of polystyrene is not much 
greater than in the case of polymethyl methacrylate and polyethy- 
lene (33). According to Rees (33), the role of Einstein oscillators 
in polystyrene can be played by the end groups or branch- 
ings. 
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Let us consider in more detail the low-temperature heat capacity 
of amorphous polymers. 

Polymethyl Methacrylate. The molecular mass of the repeat unit 
in polymethyl methacrylate is 100.12. The majority of heat-capac- 
ity measurements have been carried out on atactic polymethyl 
methacrylate, which differs in glass-transition temperature (T, = 
= 375 K) from the isotactic (7, = 320 K) and syndiotactic 
(T, — 395 K) stereoisomers. 

Sochava and Trapeznikova (42) measured the heat capacity of 
polymethyl methacrylate in the temperature range 60-260 K 
for the purpose of studying the retarded internal rotation. Two 
strongly extended humps were observed on the curve of C versus T. 
One of them lies in the range 60-130 K with an inflection point at 
100 K, and the second, in the region of 130-180 K with a point of 
inflection at 150 K. It has been supposed (42) that the excess heat 
capacity in the range 60-130 K must have been caused by the 
excitation of torsional vibrations of the CH, groups. The spread of 
the hump could possibly be associated with the different modes of 
vibrations of the CH, groups. Based on their measurements, Socha- 
va and Trapeznikova (42) believe that at a lower temperature the 
restricted rotation about the C, axis in the methyl group attached 
directly to the main chain is unfrozen. This conclusion has been 
found to be incorrect (see Chapter 5). 

In order to separate out the contribution of lattice vibrations 
to the heat capacity of polymethyl methacrylate, Sochava and 
Trapeznikova calculated the part of heat capacity due to the retard- 
ed rotation of the CH, groups. The potential energy barrier for 
the CH, group attached to the main chain (U = 3.34 kJ/mole) 
was selected so that the calculated heat capacity was at à maximum 
at 100 K. The height of the potential barrier that hinders the 
rotation of the CH, group contained in the ester group was found 
to be equal to 16.72 kJ/mole. By subtracting this heat capacity due 
to the motion of the methyl groups from experimental data it was 
possible to determine the heat capacity due to the lattice vibra- 
tions alone. It was found that the acoustic part of heat capacity is 
well described by the Tarasov theory for non-interacting chains, 
with 0, = 167.7 K. 

According to this theory, the heat capacity of polymethyl metha- 
crylate at 50-100 K is linearly dependent on temperature. Later, 
Sochava (65) measured the heat capacity of this polymer at lower 
temperatures (16-60 K) and found that above 40 K the tempera- 
ture dependence of the heat capacity is almost linear. The low- 
temperature heat capacity of polymethyl methacrylate has been 
extensively studied by a number of workers (33, 39, 48, 52, 66, 
67). Below 4 K the heat capacity of the polymer can no longer be 
described by the Debye theory because the super-Debye part of 
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the heat capacity manifests itself at these low temperatures as 
well. The physical interpretation of this non-acoustic contribution 
to the heat capacity presents certain difficulties because of the 
complex structure of the repeat unit. 

Choy, Hunt, and Salinger, who studied polymethyl methacry- 
late in the temperature range 0.5-4.3 K, have shown (66) that the 
dependence C/T? = f (T) does not remain constant at these tem- 
peratures (Fig. 1.12). Above 2 K the experimental values of heat 
capacity are nearly twice as high as the values calculated according 
io Debye's theory. Below 2 K the heat capacity of polymethyl 
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FIG. 1.12. Dependence of the parameter C/T? for po BM methacrylate 
at very low temperatures; D is the Debye contribution to heat capacity. 


methacrylate approaches the values predicted by this theory at 
05 = 115 K. The excess super-Debye part of the heat capacity can 
be described with the aid of two Einstein vibrations with the char- 
acteristic temperatures 4.90 and 17.5 K. The fractions of the 
Einstein characteristic vibrations are, respectively, 0.014 per cent 
and 1 per cent of the total number of vibrations. The main dif- 
ficulty lies in identifying the Einstein linear harmonic oscil- 
lators with real oscillating kinetic units. It is assumed that the har- 
monic oscillators described by the Einstein function are due to 
the vibrating side groups located near the voids or inner cavities 
in the polymer (66). The side groups in polymethyl methacrylate 
are methyl groups but they cannot undergo classical rotation near 
the temperature of liquid helium and one may only assume that 
their torsional vibrations take place as a result of the tunnel effect 
(67). Rees (33) has shown that the acoustic contribution to the 
heat capacity of polymethyl methacrylate can be described by 
the Tarasov model which takes into account the presence of one- 
and three-dimensional longitudinal and transverse vibrations. 

Polystyrene. The molar heat capacity of polystyrene is usually 
referred to 104.15 g of the polymer. Amorphous atactic polystyrene 
has been studied by many investigators (33, 42, 48, 52, 65-67). 
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The heat capacity of polystyrene has been measured at temperatures 
from 0.8 to 540 K. The most interesting result obtained from stud- 
ies of polystyrene is that its heat capacity cannot be described 
with the aid of Debye’s theory even at very low temperatures 
(about 1K) (Fig. 1.13). 

It has been shown (66) that the temperature dependence of the 
heat capacity of the polymer at very low temperatures can be depict- 
ed by' combining Debye’s theory at Ө = 115 K with two Einstein 
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FIG. 1.13. Dependence of the parameter C/T? for polystyrene at very low 
temperatures; D is the Debye contribution to heat capacity. 


modes with the characteristic temperatures 5.5 and 16 K. The 
Einstein harmonic oscillators are, respectively, 0.038 and 1.8 per 
cent of the total number of oscillators. Just as with polymethyl 
methacrylate, the question of the nature of the vibrating kinetic 
units, expressed in terms of the Einstein harmonic oscillators, 
remains open. One would think that these vibrations may be linked 
with the side groups, but in polystyrene these side groups are 
very bulky phenyl groups. The motion of these groups near the 
temperature of liquid helium is hardly probable. A different view- 
point has been advanced by Zoller, Fehl, and Dillinger (68). 

These authors measured the heat capacity of samples of poly- 
styrene which had been produced by various methods and which 
had different molecular masses, and also the heat capacity of 
a-substituted and ortho-substituted derivatives. They also studied 
polystyrene cross-linked with divinylbenzene. They found that the 
temperature dependence of the specific heat can be represented in 
the form: 


C = AT? + f (T) (4.74) 


Thus, the experimental values of specific heat exceed the values 
calculated by Debye’s theory. If it is assumed (68) that the "super- 
Debye" part of the heat capacity is due to the presence of Einstein 
one-dimensional oscillators in the polymer, then the following 
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formula results from expression (1.74): 
Өк \2 0 
B (a) exp (7) 
C= ADR aga a 
[exp ( =) -1] 
where C is the specific heat; A, B, and 05 are the parameters detere 
mined from experimental data. 

If we denote the number of one-dimensional Einstein oscillators 
per 1 g of polymer by ng, then from a comparison of expressions 
(1.75) and (1.11) it follows that B = kng, where k is the Boltz- 
mann constant. Introducing the parameter r, which is defined as 
the ratio of the number of repeat units per 1 g of polymer, to the 
number ng, we get: 


(1.75) 


_ No _ Nok 
Hore В ШӨ) 
where N, is Avogadro's number and p, is the molecular mass of 
the repeat unit. 

The parameters А, B, 0, and r were chosen so that the values 
calculated from formula (1.75) best fitted the experimental data 
(68). This fitting is usually accomplished by computer. It has been 
found, unexpectedly, that the temperature dependence of the super- 
Debye heat capacity of polystyrene can be described by using a 
single Einstein function with a single value of Өр. The character- 
istic Einstein temperature was found to be the same for all the 
polystyrene samples investigated (68). The parameter r varies but 
slightly from sample to sample (Table 1.2). This parameter is 
too large (ng is too small) for the existence of Einstein harmonic 
oscillators to be linked with the vibrations of the phenyl groups. 
If we are to assume that each repeat unit makes a contribution to 
the heat capacity corresponding to one Einstein oscillator, it is 
necessary that r be equal to unity. The parameters A, B, and 0, 
are almost independent of the presence of ortho- or para-substitu- 
ents in the phenyl groups, while from dielectric and dynamic me- 
chanical investigations it is known that these substituents have 
a retarding effect on the motion of phenyl groups. It is obvious 
that phenyl groups cannot be likened to Einstein harmonic oscil- 
lators. 

One mechanism which might account for the Einstein contri- 
bution to the heat capacity is as follows (69). Even amorphous 
polymers possess, to a certain extent, a one-dimensional order. 
Since the interaction between atoms in the chain (due to covalent 
bonds) is considerably stronger than the van der Waals interaction 
between chains, it has been supposed (68, 69) that the units of 
isolated polymer chains may be regarded as one-dimensional Ein- 
stein oscillators. 
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TABLE 1.2. Comparison of the Results of Calculation by Eq. (1.75) 
with Experimental Data (68) 

















Polymer Molecular зка: ка) о.к) P4 rA | 

Polystyrene (PS) 32.0600 | 0.0479 1.91 16.7 1.38 42 

34,400 | 0.0483 2.42 17.2 1.75 33 

349,000 | 0.0522 1.47 15.6 1.06 54 

365,000 | 0.0507 2.09 16.6 1.51 38 

PS+0.01% DVB — 0.047 2.66 15.8 1.93 — 

PS+1% DVB — 0.0528 1.85 17.8 1.34 — 

PS+5% DVB — 0.0500 2.08 16.7 1.51 — 

PS+20% DVB — 0.0427 2.48 16.2 1.76 — 

PS+40% DVB — 0.0347 2.70 17.1 1.96 = 
Poly-o-methyl- 

styrene — 0.0458 2.72 14.8 1.97 26 

Poly-o-chlorost y- 

rene — 0.0466 2.52 15.0 1.83 24 
Poly-a-methyl- 

styrene — 0.0429 1.73 17 1.25 44 


This model (68, 69) deals with a linear chain with different 
masses M and m (M > m), which are at a distance d from one 
another. It is presumed that only nearest neighbours interact with 
one anothcr, this interaction being characterized by the elastic 
constant p. The normal vibrations of such a chain can be calculated. 
The dispersion equation w (k) = 0, where k is the wave vector, 
is split into two branches. One of these branches is optical and 
has the following frequencies: 


1 1 1/2 5 

o=0=|2% (a+) at k0 (4.77) 

ien (2 ү^ at k--n/2d (1.78) 
For the acoustical branch at small k values we may write (3): 
— 54 [ 28. \ 8/2 a 

o=d xix ) k (1.79) 


Considering that for a chain having N masses (consisting of N/2 
repeat units if it is taken into account that a repeat unit contains 
one mass M and one mass m), the possible values of k, are equal to 


k= wl (4.80) 


4* 
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(where | = 1, 2, ..., №), then we obtain the following expression 
for the allowed frequencies of the acoustical branch: 
o, => [2B/CM + m)? (1.81) 
Wx 29, (1.82) 


Eliminating the elastic constant B from Eqs. (1.77) and (1.81), 
we obtain: 


в, = [1 (Мт) М + т)) A. (1.83) 


As the temperature is raised from 0 K the allowed frequencies 
are first excited in the acoustical branch. If the chain consists of 
a large number of masses (N > 10%), the allowed frequencies con- 
stitute a continuous series (i.e., they aretypical ofalinear contin- 
uum) and the heat capacity depends linearly on temperature. If 
the number of masses in the chain is not very large, we obtain a 
series of discrete frequency values and the heat capacity may be 
represented as the ‘sum of Einstein contributions with different 
characteristic temperatures. 

With a relatively small number of masses (N = 10?-10?) in the 
temperature range 1-4 K only one or two Einstein modes are ex- 
cited. 

Using such a model, we can calculate the frequency w,. In order 
to estimate the quantity o, we can use the measured values of 
infrared absorption (1000 cm-t). For unsubstituted polystyrene 
the mass M can be identified with the mass of the element of the 
repeat unit 


—c— (М=90) 


and m with the mass of the CH, group (the second element of the 
repeat unit). In this case, m = 14. Substituting these values into 
expression (1.83), we get: 


o1 ам 103/N (1.84) 


For polystyrene (68) the characteristic Einstein temperature 
0, zz 15-18 K. The respective values of ор range from 10 to 
13 cm~. Substituting the values of og = оу into formula (1.84), 
we find that № ranges from 75 to 100. This means that there are 
35-50 repeat units of polystyrene per one Einstein oscillator. 
This number is in good agreement with the parameter r (see Ta- 
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ble 1.2), which is the ratio of the number of repeat units per 1 g 
to the number of Einstein oscillators per 1 g of the polymer. 

The next higher frequency œ, is excited at 4 K and its contri- 
bution to the heat capacity is less than 1 per cent. 

It may seem strange at first glance that the number /V/2 of repeat- 
ing units per one Einstein harmonic oscillator is 35-50, while one 
macromolecule of polystyrene contains 35-350 repeating units 
(depending on the molecular mass). This contradiction becomes 
understandable, however, if we take into account that the molec- 
ular mass of the portion of the polystyrene chain between the 
neighbouring nodes of the spatial entanglement network is 33-45, 
according to the results of acoustic measurements (70). It is inter- 
esting that the length of the chain element per one Einstein oscil- 
lator does not depend on the content of divinylbenzene (DVB) in 
cross-linked polystyrene. This is an indication that the boundary 
conditions that arise during the cross-linking have no effect on the 
vibrations of relatively small units of the main polymeric chain 
since the neighbouring chains become linked via benzene rings. 
In radiation-induced cross-linking the specific heat is sharply 
reduced, which is in good accord with Debye's theory (68) since 
adjacent chains are united as a result of the formation of covalent 
bonds between the carbon atoms situated in various chains. In 
such a system, no one-dimensional vibrations are possible and, 
instead, ordinary lattice vibrations are excited. 

It is customarily believed (33, 52, 68) that the presence of excess 
super-Debye heat capacity at low temperatures, defined by the 
Einstein contribution to C,, is a characteristic feature of amor- 
phous substances, both organic and inorganic. It is supposed that 
this is associated with the presence of ordered regions inamor- 
phous substances (these might be the units of the chain orsmall 
ordered but uncrystallized regions in amorphous polymers, or 
perhaps analogous regions and "microcrystallites" in inorganic 
glasses which cannot be detected by X-ray analysis). The vibra- 
tional spectrum of such ordered aggregates is discrete, and the 
lowest allowed frequency is excited at helium temperatures. 
This exerts a considerable effect on the low-temperature specific 
heat and thermal conductivity of such systems. 

There also exist other points of view (71-73) on the nature of the 
super-Debye low-temperature heat capacity in polymers. One 
possible explanation for the mechanism of the super-Debye heat 
capacity (71) is that the increase in the heat capacity of amorphous 
solids at low temperatures as compared with crystals (and, hence, 
the increase in the low-frequency density of phononic states) may 
be explained by the interaction between longitudinal and trans- 
verse quasi-rotonic phonons. This interaction leads to the appear- 
ance of an extra frequency, the spread of the crystal density of 
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the states and to its corresponding increase at low temperatures. 
Sometimes, the super-Debye part of the heat capacity of amor- 
phous polymers near 0 K is linearly dependent on temperature. 
For instance, the temperature dependence of the heat capacity 
of a polycarbonate below 4 K (74) is expressed by the relation 


C = aT + aT (1.85) 


where а; and а, are constants [for a polycarbonate a, = 
= 0.0038 J/(kg -K?) and а, = 0.0410 J/(kg -K4)]. 

Such a change in heat capacity can be depicted theoretically 
with the aid of a macroscopic model proposed by Baltes (75) for 
describing the analogous dependence of the low-temperature heat 
capacity of amorphous SiO, and GeO,. This model treats an amor- 
phous body as consisting of homogeneous granules with a dia- 
meter d of the order of 10 A; the shape and volume of thegranules 
are random functions. The wave equation for each granule is 
solved with mixed boundary conditions. Since the wavelength of 
thermal vibrations is not small as compared with d, the normal 
vibrations are strongly perturbed, which leads to a non-zero value 
of the density of the states at zero frequency and, hence, to the 
linear dependence of the super-Debye heat capacity. 

This model reminds one, to a certain extent, of the modern con- 
ceptions of the presence of ordered regions in amorphous polymers 
(70, 76-78). 


CHAPTER 2 


THERMAL CONDUCTIVITY OF POLYMERS 
AT LOW TEMPERATURES 


2.1. BASIC CONCEPTS OF THE THERMAL CONDUCTIVITY 
OF DIELECTRICS 


We understand by heat conduction in solids the heat flow from 
hotter regions of a solid to colder regions, as a result of which the 
temperatures become equal. Thermal conduction arises only if 
the temperature in some part of a solid differs from the tempera- 
tures of the other parts of the same solid. Let us consider a long 
thin rod. Suppose that the temperatures at the ends of this rod 
are Т, and 7, and the length of the rod is / = 2; then a temperature 
gradient 07/dz develops in the rod, which results in the ap- 
pearance of a heat flow along the rod. 

The basic law of heat conduction is the Fourier law: 


== —xigrad T (2.1) 


where q is theMdensity vector of the heat flux (which is numeri- 
cally equal to the energy transferred via the cross-sectional area 
of the specimen per unit time); x is the thermal conductivity. 

Heat conduction is an energy-transfer process. Like other energy- 
transfer processes, heat conduction is substantially relaxational 
in nature. Indeed, if the temperature in an element of a solid 
is changed in some way, the presence of a temperature gradient 
will lead to the generation of a heat flux which will exist until 
the temperature gradient becomes equal to zero as a result of the 
"diffusion" of energy from the sites with a higher temperature. 
If a constant temperature gradient is maintained artificially, 
a stationary, or steady-state, heat flux, constant in time, will 
develop in the solid. 

According to the mechanism of heat transfer, all solids can be 
divided into three large groups: (1) nonmetals, in which heat trans- 
fer takes place as a result of lattice vibrations; (2) metals, in 
which electrons play the principal role in heat conduction; (3) 
alloys and other poorly conducting substances, whose thermal 
conductivity is due to a mbi lia oÍ these two factors. 

5 
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Let us consider the thermal conductivity of solids belonging 
to the first group, i.e., the thermal conductivity of dielectric 
materials, since the majority of polymeric materials are dielectrics. 
We shall first coufine ourselves to a consideration of crystalline 
dielectrics. If the crystal lattice is regarded as a set of harmonic 
osciliators, in which the normal vibrations are independent of 
one another and the vibration amplitudes depend on temperature, 
then no thermal resistance will be present in such a lattice. 
Besides, because of the independence of the modes of vibrations 
and the absence of any interaction between them, the energy of 
each vibration remains unchanged and no equilibrium energy 
distribution can take place in such a system. 

Debye (79) made an attempt to take into account the interac- 
tion of thelattice waves and employed the formula taken from 
the kinetic theory of gases for the determination of thermal con- 
ductivity: 


x — Cl (2.2) 


where C, is the heat capacity per unit volume; c is the average 
velocity of sound; / is the mean free path of phonons. 


The quantity т = I/c represents the time it takes for a lattice 
vibration excited above the equilibrium value to regain the equi- 
librium value. Thus, ç represents the lifetime of the phonon. 

At relatively high temperatures C, — const (as follows from 
the Dulong-Petit law) and the sound velocity in the Debye ap- 
proximation is also taken to be essentially independent of tem- 
perature, and therefore, since l is proportional to 1/7, the thermal 
conductivity must be inversely proportional to the temperature T. 
As the temperature decreases the mean free path of phonons, l, 
increases and at sufficiently low temperatures / is determined by 
crystal size. Further decreases in temperature no longer affect 
the value of Z which remains constant under these conditions. 
In this region the thermal conductivity х is proportional to C, 
and, since at low temperatures C, is proportional to T°, it follows 
that х too depends on temperature according to the same law. 

It has been shown that finite values of x cannot bejobtained 
from the theory of the elastic continuum. Thermal jconductivity 
can be explained only by turning to the dynamic lattice theory 
with account taken of anharmonicity phenomena. 

According to the results obtained by Peierls (80), it follows 
from the dynamic lattice theory that thermal conductivity depends 
on temperature in different ways in different temperature regions. 

In the region of relatively high temperatures (T > Өр) the 
mean free path l is proportional to 7-! and x is proportional to 
Т-\. At low temperatures, when Т < 05 the mean free path and 
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thermal conductivity are both proportional to e"»/^" (where a is 
a constant; according to Peierls, a ~ 2). In the region of very 
low temperatures (at T — 0 K) Í = const and x is proportional 
to 7%, 

Such a dependence of thermal conductivity on temperature 1s 
in satisfactory agreement with experimental data. 

The development of a rigorous theory of heat conduction, which 
would allow us to calculate thermal conductivity as a function 
of temperature, is one of the most important problems of solid- 
state physics; the construction of such a theory is beset with 
formidable mathematical difficulties. In solving this problem 
use is often made of assumptions which require special verification. 

Here we shall limit ourselves to a qualitative consideration 
of the matter, enough to give one an insight into the mechanism 
of heat conduction in dielectrics at low temperatures. The theory 
of heat conduction in dielectric crystals is developed in the fol- 
lowing way. 

To describe the energy flux the concept of phonons is used. It 
is assumed that in a periodic volume V, which contains JV atoms, 
there exist 3N thermal vibrations, corresponding to the same 
number of waves. Each wave is characterized by the wave vector 
k and three polarization vectors e,. If the wave transfers an energy 
Eh, then its group velocity is given by 


k 
vË = DE (2.3) 


The density of the energy flux transferred by such a wave is 


k 
= TE us (2.4) 





The density of the heat flux transferred within the crystal with the 
aid of all the lattice vibrations is deduced by summation of expres- 
sion (2.4) over all the vibrations: 


1 
g=- >) Evi (2.5) 
hs 


Usually, the energy values of separate waves satisfy a particular 
distribution of waves among the energies. In order to calculate 
the heat flux use has to be made of the concept of the average 
energy E^ = E (oT). 

In a quantum-mechanical treatment of lattice vibrations, in- 
stead of lattice waves one deals with phonons, characterized by 
the frequency o?, the pseudo-momentum ñk and by the polari- 
zation s. The lattice vibrationsaretaken asa phonon gas which obeys 
the Bose-Einstein statistics." The phonon gas is characterized 
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by the distribution function N? which determines the number 
offparticles in a given state. In this case, instead of the average 


energy Ee = E (o^T), use is made of the concept of the average 


occupation numbers representing the distribution function М. 
In thermal equilibrium 


(WB) p= (PT — 4) (2.6) 


In the case of steady-state heat conduction a temperature grad- 
ient leads to small departures from the average occupation 


numbers N* corresponding to the distribution in thermal 
equilibrium: 


Ns = (NS en; (2.7) 


where №® is the non-equilibrium distribution function; (N^), 
is the distribution function corresponding to the state of thermal 
equilibrium; n? is a minor addition which takes account of the 
departure of the distribution function from the equilibrium value. 

A contribution to the heat transfer and, hence, to the heat 


flux, is made only by the term nh, which represents the departure 
from the thermal equilibrium. 
The heat flux density in this case is given by 


q= S пећ" (2.8) 
h, s 
The main task is to determine the values of n*; they must be 
proportional to the temperature gradient. In this case, one can 
derive expressions for the thermal conductivity. To solve this 
problem, the Boltzmann kinetic equation is used. 


— 


A 
The change in the distribution function me 1 in the neighbour- 


hood of a particular point is caused by the external temperature 
field, and is compensated for by the collision of phonons with 
one another and also with other particles. Since the steady state 


NE is constant over time. it follows that 
anh ave | E 
сч дї #70 (2.9) 

The first term takes account of the variation of the distribution 
function due to the convection of phonons, and the second the 
change caused by the collision between phonons (also by the inter- 
action between phonons and lattice defects). 

Expression (2.9) is a complex integro-differential equation. 
Its form and structure depend on the type of phonon interaction 
and its solution is beset with considerable mathematical difficul. 
ties. However there are various methods for solving it (81-83). 
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In solving the kinetic equation the Hamiltonian operator (or 
simply the Hamiltonian) H is written in the form 


H = H, + 69, (2.10) 


where H, is the harmonic part of the Hamiltonian, which depends 
on the kinetic energy and the quadratic terms of the potential 
energy. 

The potential energy of the lattice ®, which is a function only 
of the coordinates of atomic nuclei and is a sum of the energy 
of the Coulomb interaction between nuclei and electrons and the 
kinetic energy of electrons, can be expanded into a power series 
in the degrees of displacements of nuclei from the equilibrium 
position. In this case 


D = O, + 0, + O, + O, +... (2.14) 


The term Ф, is the potential energy of the crystal in the equi” 
librium state. With an appropriate choice of the coordinate 
origin Ф, can be made equal to zero. If Ф is expanded into a series 
about the equilibrium position, the linear term Ф, also becomes 
zero. If we neglect the higher terms in the c :рапѕіоп and retain 
the quadratic (with respect to displacements from the eqnilibrium 
position) term (D,, we obtain the so-called harmonic approximation. 
The coefficients in Ф, determine the forces that act on the struc- 
tural units of the lattice for small departures from the equilibrium 
position. It is in the harmonic approximation precisely that 
the Debye theory of heat capacity is valid. In this approximation 
the heat capacity of the lattice cannot be explained. 

With large departures of particles from their equilibrium posi- 
tions (in cases of high elastic stresses or high temperatures) higher 
(as compared with ®,) terms of the series must be taken into 
account in expression (2.11). If the terms (D, and Ф, (or, at the 
very least, only Фу) are retained in expression (2.11), then we 
can describe the thermal conductivity of a dielectric crystal. 
It is exactly such anharmonic terms of the expansion series (2.11) 
that are contained in the Hamiltonian (2.10) for the crystal 
lattice in calculations of thermal conductivity. The nonlinear 
anharmonic terms in the expansion of the potential energy deter- 
mine the nature of the interaction of phonons. If the Hamiltonian 
(2.10) contains the term Фу, it means that three-phonon processes 
are involved. An example of such a process is the interaction of 
two phonons with energies hv, and kv, and the pseudo-momenta 
hk, and hk,. This gives rise to a third phonon of energy hv and 
quasi-momentum Ak. A variant of the three-phonon interaction, 
in which one phonon is split into two phonons, is also possible. 

Two types of phonon processes are possible. In one of these, 
the interaction of phonons occurs in such a way that the pseudo- 
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momentum of a system of interacting phonons is not changed. 
This case is described by the following relation between the wave 
vectors of the interacting phonons: 


K,+ K,+ K= 0 (2.12) 


Evidently, the total momentum of all the phonons that arise 
in a dielectric crystal cannot be changed. Such phonon processes 
have come to be known as “Normal” or №-ргосеѕѕеѕ. "Normal" 
processes lead only to the redistribution of momentum and energy 
between the interacting phonons. Here the heat flux corresponding 
to the total pseudo-momentum of the phonons must not be atten- 
uated. The additional factor responsible for this is that the heat 
transfer in a dielectric crystal is associated with the change in 
the number of phonons. When only the “Normal” processes are 
considered, the kinetic equation has no solution and the thermal 
resistance of crystals turns to zero. This is equivalent to the 
thermal conductivity becoming infinitely large. Hence, the “Nor- 
mal" processes alone cannot lead to a finite value of the thermal 
conductivity of dielectrics. 

In order to have thermal resistance, processes in which the total 
momentum of phonons is changed are required. If in a three-pho- 
non interaction there is fulfilled the condition 
__ K,+K,+ К = 2nb (2.13) 
(where b is one of the vectors of the reciprocal lattice), the total 
pseudo-momentum of all the interacting phonons does not remain 
constant. The direction of the wave vectorsin suchan interaction 
is changed from what one would expect from the ordinary law 
of conservation of momentum. Therefore, the processes of phonon 
interaction, in which the law of conservation of pseudo-momentum 
is not fulfilled, are known as U-processes or "Umklapp" processes. 
(We have already spoken about the pseudo-momentum of pho- 
nons.) This is associated with the fact that the quantity Hk is 
not, strictly speaking, the momentum of the lattice vibration. 
Therefore, strictly speaking, expressions (2.12) and (2.13) are 
not laws of conservation. 

The mechanism of heat conduction in a dielectric crystal at 
low temperatures consists in the long-wave phonons, whose energy 
is insufficient for the development of “Umklapp” processes, giving 
rise, as the result of collisions (the "Normal" processes), to non- 
equilibrium (excited) phonons of high energy. The collisions of 
such phonons occur, according to expression (2.13), with a change 
in the quasi-momentum of the interacting phonons (the “Umklapp” 
processes). The “Umklapp” processes lead to the appearance of 
a finite value of thermal conductivity and of a non-zero thermal 
resistance of dielectric crystals. It is primarily the "Umklapp* 
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processes that govern the course of the temperature dependence 
of thermal conductivity. At very low temperatures (at 7 — 0 K) 
the “Umklapp” processes are unfrozen, since the energy of non- 
equilibrium phonons is no longer sufficient for the occurrence of 
these processes. As the temperature mounts the “Umklapp” proc- 
esses are unfrozen for those branches of the spectrum which 
first appear at the boundary of the Brillouin zone. Therefore, for 
transverse acoustic modes the "Umklapp" processes may occur 
at lower temperatures (82) than for longitudinal modes. 

This leads to an increase in the coefficient a in the expression 


for thermal conductivity (x oc e9p/aT) and to the narrowing of 
the range in which x is exponentially dependent on temperature. 

If the term Ф, in the expansion of the potential energy [for- 
mula (2.11)] is retained, this means that four-phonon processes 
must be considered. 

The status of the theory of the thermal conductivity of dielec- 
trics is such that one can only roughly estimate the nature of the 
temperature dependence of x while taking account of the partic- 
ular mechanisms of phonon processes. 

For an ideal lattice, in particular for the face-centred cubic 
lattice, Leibfried and Schloemann (84) deduced the following 
expression, using the variational method of solving the kinetic 
equation: 

1/3 ,3y1/3 yro? 
Qu : vi? мө} (2.14) 
T9 A9 v?T 
where y is the Grüneisen constant; V, is the atomic volume 
(V, = V/N); M is the mass. 

Expression (2.14) is valid for relatively high temperatures 
(T 205) At low temperatures (T << 0 5), when heat conduction 
is governed by the “Umklapp” processes, the thermal conductivity 
is given by the relation 


x o (ЭР) epa? (2.15) 


With further decrease of temperature, when the "Umklapp" 
processes are found to be unfrozen and the mean free path is 
considerably increased, the major role is played by thescattering 
of phonons at the boundaries of crystallites or at the external 
boundaries of the specimen. In this case the thermal conductivity 
is given by 





x 
4nk*T? I rex 
no (ех — 1)? 
0 


к= Coal = dz (2.16) 
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where for C, use is made of expression /1.18); / = Lo? (where L 
is the average distance between the Loundaries of crystallites 
and с is a specific angle). 

When phonons are scattered at the outer boundaries of crystal- 
lites the mean free path has the order of the smallest linear size 
of the specimen. 

Apart from the “Umklapp” processes and phonon scattering, 
at the boundaries of crystallites (or at the outer boundaries of 
the specimen) there occur other types of phonon scattering as 
well, which lead to a finite thermal resistance. Phonon scattering 
may occur on lattice defects, which is analogous to Rayleigh 
scattering (81, 83, 85). The most thoroughly studied is the effect 
of point defects on thermal conductivity, i.e., substitution atoms, 
impurities, vacancies, and also of atoms residing between the 
lattice points of the crystal. If the role of the point defect is 
played by an atom of another substance, then not only is the 
mass changed but also the forces that bind it to other atoms. 
This results in a local change in the elastic properties of a dielec- 
tric crystal. 

When long-wave acoustic phonons (low-frequency lattice vibra- 
tions) arise in the crystal, a sufficiently large number of neighbour- 
ing atoms,vibrate together as a whole. These atoms are all'character- 
ized by an equal departure from their equilibrium positions. 
The neighbouring atoms vibrate together with the point defect, 
which behaves as a very small region with a different density (if 
the defect is a foreign atom with a mass differing from the mass 
of the atoms of a given element) or as a microregion with altered 
elastic properties. While colliding with such regions, the phonons 
experience elastic scattering, changing the direction of motion. At 
low temperatures the scattering of phonons on point defects may 
appear to be the principal mechanism leading to thermal resis- 
tance. Callaway (86) has shown that in'such cases the principal role 
is played by the "Normal" processes. 

A distinctive feature of Rayleigh scattering of phonons on 
point defects is that it manifests itself at long wavelengths. 
With shorter-wave phonons, whose wavelength is smaller than 
the radius of inhomogeneity, there may occur the phenomenon 
of resonance scattering of phonons on inhomogeneous inclusions 
(geometric resonance). A particular feature of geometric resonance 
(87) is that its contribution to low-temperature thermal conduc- 
tivity does not depend on the relation between the elastic properties 
of the substance under study and those of the inclusion, but is 
determined by the geometric dimensions of the inclusions. For 
example, in a study of NaCl (88) containing colloidal particles 
of silver, there was detected, in the temperature range 0.2 to 2 K, 
a wide valley on the thermal conductivity—temperature curve. 
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Using these measurements, Wagner (88) succeeded in estimating 
the radius of the colloidal silver particles. 

If the inclusions are molecules consisting oÍ several atoms, 
then at low temperatures in such molecules the excitation of 
vibrations is possible (83). This will give rise to molecular reson- 
ance phonon scattering and to 
the corresponding contribution 12 
to thermal conductivity. E 

If the vibrational frequencies 
of the impurity atoms or mole- 
cules lie above the frequency band 70! 
of the phonon spectrum of the 7 
main dielectric crystal, the so- 


called local vibrational modes Son 

(bound states) are generated. & 0 

Bound states arise in those cases N 

where there are light impurities " 

or impurities with force con- ау: 2 Ф 

stants considerably higher than 0 

those in the crystal. Phonon 

scattering on local modes of 

vibration occurs as a result of p? 

the occurrence of three-phonon 0° 01 PL 

processes. The scattering process 

consists of the following. When Я NE uk 
i i » 2.1. CL1V1 

two lattice phonons, which always oÍ selenium is a function of ie 


have low frequencies as com- perature: 
pared with local modes, interact 
with each other, a local vibra- 
tion is excited (the two phonons 
are absorbed) and two phonons are then emitted. A detailed 
analysis of the scattering of phonons on local modes of vibration 
has been carried out by Wagner (88). 

Consideration of the thermal conductivity of amorphous solids 
presents considerable difficulties that arise out of the absence of 
translational symmetry in the arrangement of atoms, i.e., of the 
long-range order. By virtue of even this difference between amor- 
phous solids and crystals the mechanism of heat transfer in amor- 
phous solids might be expected to be different from that in crystals. 

Indeed, the available experimental data (89) indicate that the 
temperature dependence of the thermal conductivity for amorphous 
solids is qualitatively different from the dependence x = f (T) 
for crystalline solids. This becomes especially prominent if we 
compare the dependences x = f (T) for a substance which can 
be produced in both the amorphous and the crystalline state 
(Fig. 2.1). 


lemcrystalline sample; '2—amorphous 
sample, 
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In contrast to the thermal conductivity of crystalline bodies, 
the thermal conductivity of amorphous substances has no low- 
temperature maximum and, as a rule, it increases with rise of 
temperature. The slope of the x = f (T) curve may change in 
this case and at high temperatures the thermal conductivity tend 
to a constant limit. All this leads one to believe that a qualita- 
tively different mechanism of heat conduction takes place in 
amorphous solids. 

In dealing with the thermal conductivity of amorphous solids 
one often makes use of the Debye formula (2.2). The main task 
here is to determine the mean free path of phonons. By using 
the known experimental data one can occasionally estimate the 
magnitude of the mean free path / with the aid of formula (2.2). 
According to these estimates, the value of Z is in good agreement 
with the sizes of the structural units in amorphous solids. For 
instance, Kittel (90) has shown that the mean free path in amor- 
phous quartz glass is close to the sizes of the structural unit char- 
acteristic of this material. Indeed, the mean free path of phonons, 
l, in quartz glass at room temperature is equal to 8 A, whereas 
the dimensions of the tetrahedral cell of silicon dioxide are 7 A. 
Klemens, who analysed the temperature dependence of thermal 
conductivity, also came to the conclusion that it is associat- 
ed with the regions of short-range order in quartz glass 
(81, 91). 

The random, disordered arrangement of atoms in an amorphous 
solid is responsible for the fact that its elastic properties change 
from point to point. If an elastic wave propagates in such a solid, 
it may, in certain cases, undergo scattering, just as is the case 
in a medium with random inhomogeneities. Hence, the scattering 
of phonons may be expected to result from the change in 
their velocity from one point of the amorphous solid to 
another. 

Employing a mathematical apparatus analogous to the one 
used for describing the propagation of radio waves in an irreg- 
ularly refracting medium, Ziman examined the problem of the 
scattering of Debye elastic waves in an amorphous substance (92). 
The line of his reasoning is asfollows. Suppose that a plane mono- 
chromatic wave strikes a layer of an amorphous substance which 
is a disordered medium of thickness xy. Having passed through 
the layer of thickness z, on the surface of the layer the wave 
will be characterized by a random distribution of phases. Assum- 
ing that for each point of the layer there corresponds a definite 
local velocity of elastic waves, c, which differs from the average 
velocity cy by an amount ёс, we can calculate the mean square of 
the phase shift on the layer surface. The change of the phase 
dq of the wave that has travelled the path dz may be represented 
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in the form 


бс 
йф=- рй (2.17) 
where А is the wavelength of the propagating wave. 

Further, a very important assumption is made, that the quan- 
tity 6c is not entirely accidental and near each point of the layer 
there is a small distance L over which бс changes but only slightly. 
The parameter L has come to be called the correlation length. 
It must be of the same order as the average size of the structural 
unit of the amorphous solid. Thus, the correlation length may be 
compared with the sizes of the regions in which a short-range 
order is retained. Ziman postulated that the correlation function of 
the values of 6c at points a distance R apart, has the following 
form 


(8c (r-- R)-6c (r)) Lg-RhHL 
(8c)? 

Further it is necessary to calculate the mean square of the phase 
shift q? on the layer surface that has been crossed by the wave: 
L (бс)? 
28 To 
If the length of the propagating wave À >> L, then the expression 
for the mean free path may be presented in the form 


(2.18) 


rM 





(2.19) 





— 80 101 eus COMO 9 90 
"TRO nl dew 
If À < L, then the mean free path is given by 
К : 
ly = ws 2 L 2.24 
2—7 (5c)? ( ) 


From formulas (2.20) and (2.21) it follows that in the case of 
long waves, when the wavelength À is much larger than the elastic 
correlation length, the mean free path l is proportional to А. 
In a case where À < L, the mean free path is independent of the 
wavelength and is a constant quantity. In this case, inside the 
correlation region of L the wave propagates without being scat- 
tered, but it is strongly refracted at the boundaries of the region. 
It should be noted that the values of L and cj/(0c) are difficult 
to compute on the basis of conceptual models, and therefore the 
quantity / in formula (2.2) proves to be a fitting parameter. This 
shortcoming is not eliminated either when use is made of the fol- 
lowing relation: 


L/l, = n (Lk)? : (2.99) 
9—0724 
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(where k = 2z/A is the wavenumber), despite the fact that the 
value of l, can be determined from high-temperature measure- 
ments. 


2.2. METHODS OF MEASURING 
THE THERMAL CONDUCTIVITY OF POLYMERS 


Various methods have been used to study the thermal conduc- 
tivity of polymers at low temperatures (93-96). Methods presently 
in use can be divided into two groups (107). One group includes 
techniques based on the use of steady-state thermal conditions, 
and the second comprises methods in which the regularities of the 
nonsteady-state thermal regime are employed. The first is the 
more common. In this case, in order to determine the thermal con- 
ductivity, it is necessary to induce and measure the heat flux 
that passes through the specimen and also to measure the temper- 
ature difference between two isothermal surfaces in the specimen. 
With static methods, which are employed for measuring the ther- 
mal conductivity of polymers, use is commonly made of flat, 
relatively thin, or cylindrical specimens. To find x in each par- 
ticular case, the thermal conductivity equation with specified 
boundary conditions is solved. In the simplest case of a flat spec- 
imen whose surfaces have constant temperatures thermal conduc- 
tivity is given by 

Ох 
“= рту (2.23) 
where Q is the amount of heat passing in time ¢ through the spec- 
imen with surface temperatures 7, and 7,; z is the thickness of 
the specimen; S is the surface area of the specimen through which 
the heat flow takes place. 

To create a heat flux through the specimen, use is made either 
of electric heaters or of the heat evolved through a phase transition. 

Measuring thermal conductivity in polymers at low tempera- 
tures involvesseriousexperimental difficulties. This is clearly asso- 
ciated with the fact that at present no polymer can be found, the 
thermal conductivity of which can be measured continuously at 
temperatures ranging from the temperature of liquid helium 
(4.2 K) to room temperature. As a rule, measurements of x are 
conducted at T < 25 К (94, 95, 97, 98) or at T — 4.2 К (40, 
96, 99, 100). At these temperatures the thermal conductivity 
of polymers is measured on long cylindrical specimens. Beginning 
from the temperature of liquid nitrogen up to room temperature, 
as well as at higher temperatures, x is measured on flat specimens 
(101, 102). The difference is mainly associated with large radiation 
losses of the specimen at high temperatures, while at low tempera- 
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tures these losses are very small. Thus, a gap has appeared in 
the experimental findings for the thermal conductivity of polym- 
ers between 25 and 77 K. One of the difficulties that arise in measur- 
ing thermal conductivity is connected with the heat losses from 
the heater or the thermometers. In order to take into account 
these effects the relative method of measuring x is employed. 
In this case, a preliminary experiment is carried out with a mate- 
rial whose thermal conductivity is known (and is sufficiently 
low). 

Difficulties also arise during temperature measurements. In 
earlier works, gas thermometers were most often used. More 
recently, at temperatures down to the temperature of liquid 
helium the measurements have been made with the aid of thermo- 
couples, and from the temperature of liquid hydrogen down to 
very low temperatures use has been made of carbon resistance 
thermometers. At temperatures below 4.2 K,apart from the static 
methods, thermal conductivity is also measured by means of 
dynamic methods (103, 104). 

In spite of the fact that in recent years a number of experimental 
works (67, 105, 106) have been published in which the thermal 
conductivity of polymers was measured at very low temperatures 
(for example, Scott and his coworkers (105) measured thermal con- 
ductivity down to 0.15 K), the technique of such measurements 
is still rather complicated. 


2.3. THERMAL CONDUCTIVITY OF POLYMERS 
AT LOW TEMPERATURES 


The main emphasis in numerous investigations of thermal 
conductivity has been placed on the temperature range close 
to room temperature. Let us consider to what extent the regular- 
ities found for this region are applicable at T — 0 K. 

The thermal conductivity of polymers has been studied pri- 
marily over the temperature range —190 to +-90°C. The purpose 
of the majority of investigations was to establish the dependence 
of thermal conductivity on structure, chemical constitution, and 
temperature. The most important point here is a substantial differ- 
ence in thermal conductivity between amorphous and crystalline 
polymers. 

A typical feature of amorphous polymers is that up to the glass- 
transition temperature (7,) thermal conductivity increases with 
rise of temperature and above 7, it begins to decrease (Fig. 2.2). 
An analogous fall in thermal conductivity above 7, has been 
observed for a number of amorphous polymers: natural rubber 
(101, 108), polyisobutylene (101), atactic polypropylene (109), 
polyvinyl chloride (101), polymethyl methacrylate (110). This 
w 
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behaviour of thermal conductivity near T, is evidently typical 
for all amorphous polymers. Eierman (111, 112) made an attempt 
to explain this phenomenon, using conceptual models which, 
in his opinion, could be applied to all amorphous materials. 

Eierman assumed that in an amorphous substance each bond 
between neighbouring atoms is equivalent to thermal resistance 
and calculated such an elementary thermal resistance r,. The 
thermal resistance of à macroscopic amorphous sample is, accord- 
ing to Eierman, a network of elementary thermal resistances 
with atoms situated at the entanglement points. The elementary 
thermal resistance depends on the 
bonding forces operating between 





27 atoms. It decreases with іп- 
creases in the elastic constant ky, 
216 which characterizes the bond. 
e Therefore, the principal-valency 
& chain of the polymer has a consid- 
каю erably lower thermal resistance 
x than the van der Waals bond. 
x The magnitude of the elementary 
en thermal resistance is given, ac- 
cording to Eierman, by the ex- 

013 pression 
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FIG. 2.2. Temperature dependence where const zz 1; Са is the 
of the thermal conductivity x of heat capacity per atom; m is 
natural rubber. . А 
the mean arithmetic mass of 
two adjacent atoms. 
Eierman's reasoning is based on the well-known Debye for- 
mula for the determination of thermal conductivity: 


= ApCcl (2.25) 


where A is a constant close to unity; p is the density; C isthe 
heat capacity; c is the average velocity of sound; lis the mean 
free path of phonons. 

Further it is assumed that 


x= Ар >) Cicih (2.26) 


The subscript i refers to an individual wave from the vibrational 
spectrum. Assuming that the mean free path in amorphous sub- 
stances coincides, at a first approximation, with the mean distance 
between two neighbouring atoms (l ~ d), Eierman writes the 
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elementary thermal resistance in the form 


1 d 
Te = pu . ЗБ (2.97) 
where x, is the elementary thermal conductivity calculated from 
formula (2.25); the quantities a and b characterize the cross-section- 
al area of the volume element. 

The velocity of sound in calcu- \ 
lations of thermal resistance in 
the principal-valency chain is 
determined by the formula 


VR (2.28) 


where k, is the elastic constant — 


: , i ; FIG. 2.3. The Eierman diagram 
which characterizes the bonding of intermolecular interaction (111). 


force between two neighbouring he vertical arrow shows the direc- 
atoms with masses m, and m;; tion of polymeric chains. 
т = (m, + m4)/2. 

Formula (2.28) describes the propagation of a longitudinal 
wave in a chain of atoms. An analogous expression is written for 
a transverse wave. For the density of the volume element in 
Eq. (2.26) use is made of the formula o, = m/abd. Such a consid- 
eration leads to the expression for the elementary thermal resistance 
(2.24). For the elementary thermal conductivity the following 
formula obtains: 


_ Cad. 4S 
x= А 82 у ль (2.29) 





The thermal resistance due to the van der Waals interaction be- 
tween adjacent chains is much greater than r, in the chain of 
principal valency. To calculate the elementary thermal resistance 
due to the van der Waals forces, it is necessary to determine the 
corresponding elastic constants. They are found by using the 
intermolecular interaction potential in the form 


Oy = —2E (7m2)? +E (me Tun" (2.30) 


where r is the distance between the interacting atoms situated 
in neighbouring polymeric chains (Fig. 2.3); rmin is the distance 
between the same atoms, corresponding to the minimum of the 
potential energy E. 

The Eierman theory makes it possible to account for the fall 
of thermal conductivity in amorphous polymers above 7,. We 
know that in amorphous polymers above 7, the thermal expansion 
is substantially increased, as a result of which the free volume 
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increases. This leads to an increase in the mean distance between 
neighbouring chains and, hence, to a decrease in the elastic 
constants caused by the intermolecular interaction. As a result, 
thermal resistance is increased and, hence, thermal conductivity 
decreases. Since the thermal conductivity of amorphous polymers 
depends first of all on the van der Waals bonds, the change in 
the temperature coefficient of thermal conductivity is intimately 
connected with the change in the thermal cubic expansion coeffici- 
ent at 7, (111): 


1 ` 
A([— S) = —5.8AB (2.31) 
where [(1/x) -(dx/dT)] is the temperature coefficient of thermal 
conductivity; B is the cubic expansion coefficient. 

Relation (2.31) holds true for various amorphous polymers 
and is independent of temperature (108). 

In oriented amorphous polymers, the heat conduction in the 
direction of the orientation axis is greater than in the perpendicular 
direction. The Eierman theory (108, 111, 112) provides an expla- 
nation for this phenomenon. When polymeric chains are being 
oriented, the principal-valency bonds, which have a low thermal 
resistance, are arranged along the direction of orientation, and the 
van der Waals bonds, which have a high thermal resistance, 
are arranged at right angles to it. The model proposed by Eierman 
(111, 112) yields the following relation: 

WS ae гу (2.32) 
Xu Xx, хо 
where жү is the thermal conductivity of the polymer along the 
orientation axis; x; is the thermal conductivity of the same poly- 
mer, measured at right angles to the direction of orientation; 
хо is the thermal conductivity of an isotropic sample of the same 
polymer. 
„This equation works well for polymethyl methacrylate and 
some other polymers near room temperature. 

:Amorphous-crystalline polymers can be divided into two groups 
according to the temperature dependence of thermal conductivity. 
In the first group we find polyethylene and polyformaldehyde, 
whose thermal conductivities decrease with increasing temperature. 
The second group includes all other crystalline polymers (poly- 
ethylene terephthalate, isotactic polypropylene, polytrifluoro- 
chloroethylene, polytetrafluoroethylene, etc.), whose thermal con- 
ductivities increase with rise of temperature. The temperature 
dependence of the thermal conductivity of crystalline polymers 
belonging to the second group is analogous to that for amorphous 
polymers. The magnitude of thermal conductivity is appreciably 
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affected by the degree of crystallinity of the polymer. This influ- 
ence is especially pronounced at low temperatures. 

The thermal conductivities of amorphous and crystalline 
polymers at low temperatures are fundamentally different. The 
temperature dependence of the x of crystalline polymers is similar 
to the analogous dependence of imperfect crystals. On the curve 
of x versus 7 we observe a maximum near 100 K, which shifts 
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FIG. 2.4. Thermal conductivity of amorphous and crystalline polymers at 
low temperatures: 


1—polymethyl methacrylate; 2, 3, 4— polyethylene samples with densities 0.98, 0,96, 
and 0.92 Mg/m?, respectively. 


to low temperatures with increasing degree of crystallinity. The 
height of the maximum increases in this case (Fig. 2.4). 

The temperature dependence of the thermal conductivity of 
amorphous polymers is similar to that of glass; it has no low- 
temperature maximum, but in the range 5-15 K a plateau appears. 
Above and below this region the thermal conductivity increases 
with rise of temperature. We have said above that the thermal 
conductivity of polymers depends significantly on the orientation. 
In the region of helium temperatures, however, the orientation 
either has no or a very slight effect on the thermal conductivity 
of amorphous polymers. Thus, it has been found that the thermal 
conductivities of isotropic, stretched (99) and extruded (97) 
samples of polymethyl methacrylate near the temperature of 
liquid helium are practically the same. 
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Theories that explain the thermal conductivity of polymers 
can be grouped into two classes: (1) theories which rely on the 
theory of the liquid state (111-114) and treat the transfer of energy 
between the repeat units via chemical bonds (primary or secondary) 
as an individual uncorrelated phenomenon; (2) theories which 
make use of the concepts of solid-state theory and deal with 
the cooperative motion of repeat units and the phenomena of 
phonon scattering which limit the region of energy transfer 
(115). At low temperatures, when vibrations are excited with 
a wavelength much greater than the distances between the repeat 
units, theories of the second type are resorted to. 

In the case of amorphous polymers at high temperatures, when 
the mean free path is of the same order as the distance between the 
repeat units, the theories of the second typein application hardly 
differ from the theory of the liquid state. The criterion for the 
applicability of theories of the second type to the problems of 
heat conduction in polymers is as follows: the mean free path 
must be much greater than the distance between particles. Obvi- 
ously, only in such a case can one speak of cooperative vibrations. 
In describing the thermal conductivity of polymers in the low- 
temperature region, mostly theories of the second type are used. 
Energy transfer in polymers is ordinarily described with the aid 
of the Debye formula, which, according to Klemens (91), can be 
written in the form: 


x = aCcl (2.33) 


where о = cos? Ө (0 is the angle between the direction of the path 
of phonons and the direction of energy transfer); C is the thermal 
conductivity per unit volume. 

With the exception of oriented polymers, a = 1/3. 

The main task here, as in other cases, is to calculate the mean 
free path. There exist two types of phenomena which determine 
the magnitude of the mean free path: the interaction between 
phonons and the interaction of phonons with defects. For a number 
of amorphous-crystalline polymers the phonon-phonon interaction 
is probably the prevailing mechanism at relatively high tempera- 
tures. As a consequence, x is proportional to 1/7. If the thermal 
resistance of polymers were caused only by "Umklapp" processes, 
which can occur at T < 0p, then in this case at low temperatures 
the thermal conductivity would be proportional to exp (0/7). 

In the presence of defects the mean free path / decreases. Thermal 
conductivity is simultaneously reduced. Different types of defects 
necessarily give rise to different types of temperature dependence 
of x. Strictly speaking, these arguments apply to crystalline 
solids, whose thermal conductivity increases with fall of temper- 
ature, passes through a maximum and then decreases again. 


2.3. THERMAL CONDUCTIVITY OF POLYMERS AT LOW TEMPERATURES 63 


The temperature of the maximum usually decreases as the number 
of defects is reduced. 

One of the first attempts to extend the conceptions that are 
valid for crystalline solids to amorphous substances was under- 
taken by Klemens (91). He assumed that the "elastic" disorder 
in the structure of glassy substances can be responsible for the 
scattering of phonons at any temperature. Klemens coined the 
term "structural scattering" for 
processes of this kind. The origin 


of structural scattering is shown А Z 
in Fig. 2.5. From this figure it is 
seen how the advancing front of a 
plane wave that passes through a 
medium in which there areregions 
with different sound velocities 
is distorted. The most important 


criterion for structural scatter- 
ing is the ratio of the wavelength 
of the phonon to the length of en a n siz giat: 
: : ідо 5 

elastic correlation. When the eale the: direction of the “velocity 
wavelength of the phonon and the of an elastic wave; as a result of 
elastic correlation length are of structural scattering, the wave- 
the same order of magnitude, front changes by a distance equal 
the scattering is most intensive to one wavelength. 
and the mean free path will be 
of the same order as the length of elastic correlation. If the wave- 
length is much larger than the length of elastic correlation, the 
resulting distortion of the wavefront is not great and the difference 
between the successive wavefronts is smaller than the difference 
between the sites of elastic disorder. 

Klemens assumed that in the case of long waves the mean 
free path of the phonon, /, is connected with its wave vector k 
by the following relation: 


1 = A/(ak?) (2.34) 


where A is a constant characterizing the elastic correlation length; 
a is the distance between oscillating units. 

From the Klemens theory it follows that at low temperatures 
thermal conductivity must be proportional to the absolute tem- 
perature. 

The structural scattering of phonons was studied by Klemens 
(116, 117) and later critically analysed by Ziman (92) (see page 55). 
Klemens found (116) that if the correlations have a non-spherical 
symmetry (l is not proportional to 1/k*), then at T — 0 there are 
possible temperature dependences of thermal conductivity which 
are different from the, dependence x œ T. The theory of structural 
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scattering predicts that for short waves l is proportional to Aa 
and for long waves l is proportional to 1/&?. While examining the 
question of the nature of the plateau in the temperature dependence 
of thermal conductivity for silicate glasses, Klemens had to 
assume (117) that the parameter A for longitudinal waves is much 
larger than for transverse waves. In fact, this hypothesis is based 
on the assumption that in a glassy material the change of the 
velocity, бст, of transverse waves is considerably greater than 
that of the velocity, 6c, , of longitudinal waves. From this hypothe- 
sis it follows that the main contribution to low-temperature ther- 
mal conductivity comes from longitudinal waves. A more detailed 
analysis led Klemens to a conclusion on the manner in which the 
predominant effect of longitudinal phonons on thermal conduc- 
tivity is realized. As a result of the interaction, longitudinal 
phonons are converted into transverse phonons, which are inten- 
sively scattered. The transformation of longitudinal into transverse 
waves limits the mean free path and leads to the appearance of 
a low-temperature plateau in the temperature dependence of ther- 
mal conductivity. In order to account for this process, Klemens 
formulated thermal conductivity as follows: 


X = xr + xr (2.35) 


where жу is the contribution of longitudinal waves to thermal 
conductivity and хт is the contribution made by transverse waves. 
The expression for x; takes the form 


A? kg A _ ex 
И = Sah | 
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where /, is the Boltzmann constant; his Planck's constant; хапа y 
are dimensionless parameters [z = Av/(k,T); y? = (T //T)š, where 
T, is the parameter which has the dimensions of temperature and 
characterizes the process of transformation of longitudinal into 
transverse phonons]. 

The expression for хт has the form 


Mp = uC; (2.37) 


where vy is the group velocity of transverse phonons; lyr is the 
mean free path of transverse phonons (L, = Ат.а). 

Rees (115) modified the Klemens theory, assuming that expres- 
sion (2.37) can be formulated as the sum of two terms, just as 
in the Tarasov model of the heat capacity of polymers. Then, 
the part of the thermal conductivity due to three-dimensional 
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lattice vibrations is given by 


X3 -i VrCslr (2.38) 
where C, is the part of heat capacity due to three-dimensional 
vibrations. 

The part of thermal conductivity that is associated with one- 


dimensional vibrations is defined as 
x, = autC,l, (2.39) 


where œ is a whole number accounting for the orientation of 
chains; v, is the velocity of propagation of one-dimensional vibra- 
tions, which can be determined if the characteristic temperature 
9, is known. 

Taking cognizance of expressions (2.37) through (2.39), we can 
write formula (2.35) as follows: 


х= ж. отат + СҮ, (2.40) 


The use of formula (2.40) enabled Rees (115) to describe satisfac- 
torily the thermal conductivity of some amorphous polymers at 
low temperatures. 

An attempt has been made (118) to show that the low-tempera- 
ture plateau on the curve of x versus 7, which is a specific feature 
of all amorphous substances, results from resonance scattering 
due to those vibrations which lead to excess heat capacity. The 
theory advanced by Dreyfus, Fernandes and Maynard (118) 
differs little from the Klemens theory, except for the terminology 
used. 


2.3.1. THERMAL CONDUCTIVITY OF CRYSTALLINE POLYMERS 


One of the parameters that have an appreciable effect on the 
magnitude and mode of variation of thermal conductivity at low 
temperatures is the degree of crystallinity A. The thermal conduc- 
tivity of a partly crystalline polymer is usually treated as a par- 
ticular combination of the thermal conductivities of completely 
amorphous and crystalline samples of the same polymer. Hansen 
(114) assumed that the thermal conductivity of a partly crystalline 
polymer can be represented as follows: 


x = Mer + (1 — A) Xam (2.41) 
where A is the degree of crystallinity; хог and «44 are the thermal 


conductivities of a completely crystalline and a completely amor- 
phous sample of the same polymer. 
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In order to take account of the effect of the degree of crystallinity 
on thermal conductivity, Eierman (111-113) made use of the 
formula derived by Maxwell for the determination of the electrical 
conductivity of a mixture consisting of spherical particles uniform- 
ly distributed in a homogeneous continuous medium: 


— йаш 1 Кот 2h (иет — Жаш) (2.42) 


— LX 
2%am Xer — А (Xer Хат) 9 


Using formula (2.41) or (2.42), one can determine the thermal 
conductivity of amorphous and completely crystalline polymers. 
Calculations of this kind should be carried out very cautiously 
because the parameters х, and хл vary strongly with a change 
of temperature over a wide range. In such a case, the densities 
of amorphous and crystalline samples are also greatly altered. 
Formulas (2.41) and (2.42) contain, as a rule, the values of crystal- 
linity À calculated by formula (1.68) from the results of calcula- 
tions of бег and Pam at room temperature. The question of using 
formula (2.42) is highly problematic since it is valid only in 
those cases where the crystalline regions are uniformly distribut- 
ed as inclusions in the amorphous matrix. In dealing with highly 
crystalline polymers, say, polyethylene and polytetrafluoroethyl- 
ene, one finds instead disordered regions distributed in imperfect 
crystals, and formula (2.42) no longer holds true. Besides, for- 
mula (2.42) does not agree even qualitatively with experimental 
data at low temperatures. The use of formula (2.41) is more justi- 
fiable. 

Polyethylene. Polyethylene is one of the most thoroughly 
studied polymers. But even for this polymer there are no exper- 
imental data on thermal conductivity in the temperature range 
from 4 to 300 K. The thermal conductivity of polyethylene has 
been experimentally studied in the range from 0.15 to 20 K 
and in the temperature region of 80-350 K (101, 119). There 
is still a gap in experimental values of the thermal conductivity 
of polyethylene (just as for other polymers) between 20 to 80 K. 

The temperature dependence of the thermal conductivity of 
linear polyethylene at low temperatures is presented in Fig. 2.6 
for three samples of differing density (33). A characteristic feature 
of the low-temperature dependence of the thermal conductivity 
of this polymer is the growth of x with increasing degree of crystal- 
linity accompanied by the shift of the low-temperature maximum 
to low temperatures. At very low temperatures (down to 5 K) 
the thermal conductivity of polyethylene increases almost linearly 
with rise of temperature. Above the temperature of the maximum, 
which is about 50 K, x is proportional to 1/7. 

A detailed study of the thermal conductivity of polyethylene 
near the temperature of liquid helium (1-4.5 K) has been made 
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by Rees and Tucker (40), who measured the x value of three types 
of polyethylene samples with densities 0.964, 0.938, and 
0.917 Mg/m? and crystallinities 85, 66, 51 per cent. The results of 
these measurements, which are given in Fig. 2.0, have been inter- 
preted within the framework of the Klemens theory as modified 
by Chang and Jones (120). It was assumed that the low-temper- 
ature thermal conductivity of 
polyethylene is due to a combi- 
nation of two processes: structu- 
ral scattering and scattering on 
"internal" boundaries. The anal- 
ysis was carried out with the 
aid of the following formula (120): 








_ КТ EY x*e* 
X= Gu a | (т-ту 
0 
dz 
: (zc p ) m 
VON do А7 


where / is the mean free path (it 
is assumed that / is independent 
of temperature since it is deter- 
mined by the boundaries of the 
crystalline regions); the remain- 
ing notation is the same as in 
formula (2.36). LK 

The values of the integral in s 
formula (2.43) for different values а E ооа 
of the integrand have been cal- tures; the density of polyethylene 
culated by Callaway (121). In is as follows, Mg/m®: 
deriving formula (2.43) a num- 1—0.964; 2—0.938; 3—0.917. 
ber of fundamental assumptions 
were made: the processes indicated above proceed independently 
of each other; only longitudinal vibrations participate in heat 
transfer at low temperatures; the Debye formula can be used 
for the density of phonon states. Moreover, expression (2.43) 
is valid only at 7 < Өр. Using expression (2.43), Rees and Tucker 
(40) calculated the parameters A/a and l on the basis of their 
experimental data and compared them with the average diameters 


of spherulites, D, in polyethylene, which they observed under 
an optical polarizing microscope. The results of this comparison 
are collected in Table 2.1. 

The values of the average velocity of sound that were required 
for the calculation of A/a and l were calculated by Rees and Tucker 
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from the formula 


CIT? = 9n*k!/5h*S (2.44) 


by using the values of heat capacity C measured by them. The 
good correlation obtained by Rees and Tucker between the mean 
free path due to scattering on the inner boundaries and the average 
diameter of spherulites seems to be accidental, given the crude 


TABLE 2.1. The Structural Parameters of Polyethylene 














Я Аја: 10-8, 1-104, D- 104, $-10-5, 

Sample Mg/m3 p cm | Z cr se 
| 

I 0.964 1.3 0.91 1.5 2.06 

IT 0.938 7.8 1.2 1.5 1.99 

III 0.917 4.1 8.3 2.9 1.86 


assumptions made in the derivation of formula (2.43) and also 
because the values of the sound velocity used in the calculations 
were lower than those found experimentally at 7 — 4.2 K (122). 


The values of v listed in Table 2.1 are considerably lower than the 
velocities of longitudinal waves in polyethylene at helium temper- 
atures (3690 m/s) and are closer to the speed of transverse waves 


(2015 m/s). Naturally, the value of v that appears in expression 
(2.44) must be greater than the speed of transverse waves [see 
formula (1.17)]. 

Kolouch and Brown (95) measured the thermal conductivity 
of several polyethylene samples with densities ranging from 0.914 
to 0.971 Mg/m? in the temperature range 1.2-20 K and, having 
made calculations analogous to those carried out by Rees and 
Tucker (40), found no correlation between the mean free path and the 
sizes of spherulites. They modified expression (2.43), assuming 
that transverse phonons too make a contribution to thermal 
conductivity. The temperature-independent parameter /, found 
from these calculations increased with increasing thickness of 
polyethylene lamellae, the thickness being found by measuring 
the small-angle X-ray scattering. The results of this comparison 
are shown in Table 2.2 (L, and L, are the characteristic sizes 
associated with two diffraction maxima that were observed during 
the small-angle X-ray scattering; the parameter L, is, according 
to Kolouch and Brown, the thickness of the lamellae). 

The mean free path / in polyethylene, calculated by means of 
formula (1.87) from experimental data (95), increases consider- 
ably with decreasing temperature and increasing of crystallinity 
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TABLE 2.2. The Parameters of Polyethylene According to Thermal 
Conductivity Measurements (95) and Structural Investigations 


Š From formula (2.43) From Ref. (95) 
о —ÓÁ———————— з 
N © ud 
Sam- E = 5 tT 2 T 
ple E = Ж = - = = 
= s | ° | et | а "POE sma s 
Ë m bo Sg | Tg SB = Ë: E á 
< о 15 <° x IAs bs = К m 


І |0.971 | 0.47 | 2.26 |11.5 | 1.54 | 7.5 137.7 | 185 442 | 200 
II | 0.956 | 0.5 [2.17 | 5.96; 0.82 | 9.3 |17 66 354 | 132 
HI | 0.933 | 1.30 | 2.01 | 4.131 2.21 | 44.0 | 8.69] 40 273 95 


(Fig. 2.7). Theoretical calculations that have been carried out. 
with account taken of the contribution of transverse waves to 
thermal conductivity (95) are in good agreement with experimental 
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FIG. 2.7. The mean [free path of FIG. 2.8. Temperature dependence 

phonons against temperature for of the thermal conductivity of poly- 

polyethylene samples of various ethylene of various densities, Mg/m* 
densities (Mg/m?): (95): 

1—0.971; 2—0.956; [3— 0.933; 4—0,914. 1—0,971; 2—0,933. 


values of x for polyethylene (Fig. 2.8). Kolouch and Brown ob- 
served that for polyethylene near 8 K the thermal conductivity 
x is proportional to 7?, while near 20 K the value of x is propor- 
tional to 7?. The fact that in polyethylene there is a region in 
which x is proportional to 7? confirms the assumption that in 
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this polymer there occurs phonon scattering on the boundaries of 
crystallites. 

A substantial contribution to the low-temperature thermal 
conductivity of polyethylene is introduced by both the scattering 
on the boundaries of crystallites and the structural scattering 


of transverse waves. 
Terry and his collaborators (105, 106) studied the thermal 
conductivity of polyethylene at very low temperatures (0.15 
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FIG. 2.9. Temperature depen- FIG. 2.10. Temperature dependence of 
dence of the thermal conducti- the thermal conductivity of pony ene 


vity of polyethylene (105). 1 of various densities, Mg/m? (102) 
dashed line represents the 26 EE T 0, 
Chang-Iones model (128), and 1—0.982; 2—0.962; 3— 0.951; 4— 0,918. 
the solid line the Chang-Jones 
model as modified by Terry 

(105) 3 


to 4 K). Their experimental results agree well with the data 
obtained by other investigators. Down to the temperature 1 K 
the values of x obtained by Terry and his coworkers (105, 100) 
are described well by the Chang-Jones formula (2.43). Below 1 K 
a discrepancy is observed and the thermal conductivity depends 
on temperature more weakly than one would expect from formula 
(2.43) (Fig. 2.9). In order to describe theoretically experimental 
data, Terry (105) suggested that the Chang-J ones model be modified 
by replacing the three-dimensional (Debye) distribution function 
by a combination of two functions. It is supposed that the two- 
dimensional distribution function holds for frequencies less than 
a certain frequency о, (the cutoff frequency) and the three-dimen- 
sional distribution function is valid for frequencies w > we. The 
only physical argument in favour of this assumption is the lamellar 
shape of polyethylene crystallites. The use of the thus modified 
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Chang-J ones model has made it possible to describe well the exper- 
imental curve plotted by Terry and coworkers (105, 106). Other 
attempts have also been made to describe semi-empirically low- 
temperature heat conduction in polyethylene (123). 

Detailed studies of the thermal conductivity of polyethylene 
at higher temperatures (80-350 K) have been conducted by Eier- 
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FIG. 2.11. Temperature dependence 

of the thermal conductivity of 

olytetrafluoroethylene. The dashed 
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FIG. 2.12. Temperature dependence 
of the thermal conductivity of poly- 
tetrafluoroethylene at very low tem- 
peratures (96). Shown in the upper 
рагіаге the experimental data ob- 


tained by Powell and coworkers (94). 


man (101, 102). Figure 2.10 shows the dependences x = f (T) 
for polyethylene samples with different degrees of crystallinity. 

Polytetrafluoroethylene. There are only a few works (40, 94, 96) 
devoted to the investigation of the thermal conductivity of poly- 
tetrafluoroethylene at low temperatures. Powell, Rogers and Cof- 
fin (94) measured the thermal conductivity of this polymer, with 
a density of 2.218 Mg/m?, at temperatures from 5 to 20 K and 
also at 80 K (Fig. 2.11). The values of x within the temperature 
range 20-80 K were obtained by interpolation. Anderson, Rees 
and Wheatley (96) measured the thermal conductivity of Teflon 
at lower temperatures (from 0.1 to 0.8 K) and found that, just 
as with some other amorphous polymers, the thermal conductivity 
of Teflon diminishes with decreasing 7 more rapidly than one 
would expect from the dependence x oc T (Fig. 2.12). In the range 
0.3 to 0.7 K the thermal conductivity of polytetrafluoroethylene 


6—0724 
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obeys the relation 
x = aT" (2.45) 


where œ = 3.8 x 10- W/(m .K"+1); n = 2.4. 

That n appears to be close to 3 indicates that the thermal 
conductivity of polytetrafluoroethylene at these temperatures is 
due to the scattering of phonons on "internal boundaries" (for 
example, on the boundaries of crystallites) with a temperature- 
independent mean free path. Anderson, Rees and Wheatley (96) 
have shown that the thermal conductivity of polytetrafluoroethyl- 
ene at very low temperatures may be described by the following 
formula: 

AT? 
х= тр (2.46) 
where A = 0.83 x 10°? W/(m-K‘); В = 1.6 Kœ. 

To the same degree of approximation we can write for the mean 
free path: 





15 Ас? 

l= су, 2: A (2.47) 
where A is the empirical constant found from formula (2.46). 
The mean free path of phonons in polytetrafluoroethylene, as 
estimated from formula (2.47), is 0.460 x 10-* cm. It is interest- 
ing that this value is 16 times less than the mean free path of 
phonons in an epoxide resin based on bisphenol A at the same 
temperatures. From this it follows that the departure of the 
thermal resistance (the inverse of x) from the dependence 

1/x сс 1/T? must occur at a higher temperature for Teflon. 
Later, Rees and Tucker (40) investigated the thermal conductiv- 
ity of polytetrafluoroethylene (p — 2.16 Mg/m?) in the tempera- 
ture range 1 to 4.5 K. The results of these measurements are in 
good accord with the data obtained by Anderson, Rees and 
Wheatley (96) but they are 25 per cent lower than the x values 
reported by Powell, Rogers and Coffin (94). This discrepancy 
is accounted for by the fact that Rogers et al. studied polytetra- 
fluoroethylene with a higher degree of crystallinity (p — 2.218 
Mg/m?). An attempt to make use of expression (2.43) for describ- 
ing the thermal conductivity of this polymer gives the following 
values: A/a = 11 X108 cm and l= 0.78 х10-* cm. In these calcula- 
tions, however, Rees and Tucker (40) used the velocity of longi- 
tudinal waves (v — 1070 m/s) computed by means of formula 
(2.44) from experimental data on heat capacity. The velocity 
of longitudinal ultrasonic waves in polytetrafluoroethylene, as 
measured experimentally, is 2330 m/s (122). Therefore, attempts to 
find a correlation between the mean free path of phonons in poly- 
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tetrafluoroethylene and the sizes of its spherulites are not substan- 
tiated (40). In actual fact, no such correlation exists (just as in the 
case of polyethylene). 

The results of investigations of the thermal conductivity ot 
polytetrafluoroethylene (101, 119) at higher temperatures (80- 
850 K) show (Fig. 2.13) that the x of this polymer increases mono- 
tonically with rise of temperature, just as in the case of amorphous 
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FIG. 2.13. Temperature dependence of the thermal conductivity of poly- 
tetrafluoroethylene. 


polymers. The absolute values of x for polytetrafluoroethylene 
are, however, twice as high as those for amorphous polyvinyl 
chloride. A salient feature of the temperature dependence of the 
thermal conductivity of polytetrafluoroethylene is the decrease 
of x and the appearance of a step in the x = f (T) curve at}20°C. 
This effect is caused by a first-order phase transition which occurs 
in polytetrafluoroethylene at 20? C and is associated with the 
transformation of its unit cell from the triclinic (below 20°C) to the 
hexagonal system (above 20°C). 

Polyamides. The only representative of the polyamides whose 
thermal conductivity has been thoroughly studied is Nylon 6,6. 
Anderson, Rees, and Wheatley (96) measured the thermal conduc- 
tivity of Nylon 6,6 at temperatures from 0.2 to 0.8K (Fig. 2.14) 
and showed that the dependence x — f (T) in this temperature 
range may be described with the aid of the empirical formula (2.45) 
if use is made of the following values: a = 2.6 x 10-? V/(m -K™-}) 
and n = 1.75. An alternative to this method of describing the 
experimental data is to use Eq. (2.46). It turns out that the para- 
meters in Eq. (2.46) take on the following values: A — 3.7 X 
X 10-? V/(m-K*) and B = 19.5 K~?. The mean free path calcu- 
lated from experimental data (96) by formula (2.47) is equal to 
2.1 X 1074 cm. As in the case of polyethylene and polytetrafluoro- 
ethylene, an attempt has been made (40) to relate the values 
of the mean free path calculated from formula (2.43) to the average 
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diameter of the spherulites. As a matter of fact, Rees and Tucker 
found that / = 10.2 x 10-4 em and D = 11.8 x 107* cm for 
one sample of Nylon 6,6 (p = 1.144 Mg/m?) and ¿ = 1.8 x 10-* cm 
and D<2.6 х 10-* em for the other (р = 1.140 Mg/m?). 
But Kolouch and Brown (95) have shown that these values are 
incorrect and that, in fact, for Nylon 6,6 (p — 1.41 Mg/m?) 
the value of / is equal to 2.32 x 10- em [this being calculated 
from formula (2.43)] and D = 13.4 x 10-4 cm. Thus, in the case 
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FIG."2.14. Temperature dependence FIG. 2.15. Temperature dependence 
of the thermal conductivity of Nylon of the thermal conductivity o 
6,6 at very low temperatures. The Nylon 6,6 (95). 
dashed curve represents the results 
of measurements made by Berman 

and coworkers (98). 


of Nylon 6,6 there is no correlation between the mean free path 
and the size of spherulites. In contrast to polyethylene, in Nylon 
6,6 there is no correlation between the mean free path calculated 
from expression (2.43) (as modified by Kolouch and Brown, that 
is with account taken of the contribution of transverse waves to 
thermal conductivity) and the characteristic size L,, found from 
small-angle X-ray scattering. The latter quantity was termed 
the lamella thickness by Kolouch and Brown. 

At the same time, the experimental data obtained by Kolouch 
and Brown (95), which cover the temperature range from 1.2 
to 20 K (Fig. 2.15), are in good agreement with the results of 
measurements carried out by Rees and Tucker (40) and also with 
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"he results of measurements in a monofilament fibre of Nylon 
6,6 carried out by Berman and coworkers (98). Later measurements 
of thermal conductivity in Nylon 6,6 over the temperature range 
0.15 to 4 K have also shown (105) that the main problem is to 
provide a theoretical interpretation rather than to establish a cor- 
relation between the experimental values of x obtained by various 
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FIG. 2.16. Temperature dependence of the thermal conductivity of polyfor- 
maldehyde having the following densities (Mg/m?): 


1—4.441; 2—1.432. 


authors (the experimental data obtained by different authors for 
Nylon 6,6 are virtually identical). 

Polyformaldehyde. This polymer (also known as polyoxymethyl- 
ene) is a polymer whose thermal conductivity falls with increas- 
ing temperature (102). Eierman (102) measured the thermal con- 
ductivity of two well crystallized samples of polyformaldehyde 
(p = 1.432 Mg/m? and p = 1.447 Mg/m?) at temperatures from 
80 to 370 K (Fig. 2.16). If the thermal conductivity of fully crystal- 
line polyformaldehyde is calculated with the aid of the Maxwell 
formula, it proves to be proportional to 1/7. 

The available experimental data on thermal conductivity are 
not sufficient to give a reasonable explanation for the fundamen- 
tally different dependences of the thermal conductivity of various 
crystalline polymers on temperature. The mechanism of heat 
conduction in crystalline polymers will be more clearly understood 
if one can obtain continuous dependences x = f (T) for a number 
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of different crystalline polymers at temperatures ranging from 
the liquid-helium temperature to the melting temperatures of 
these polymers. 


2.3.2. THERMAL CONDUCTIVITY OF AMORPHOUS POLYMERS 


A distinctive feature of the temperature dependence of the 
thermal conductivity of amorphous polymers is the absence of 
the low-temperature peak and also the existence of a plateau 
typical of crystalline polymers at temperatures 4-15 K. Below 2 K 
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FIG. 2.17. Temperature dependence of the thermal conductivity of poly- 
methyl methacrylate at low temperatures. 


the temperature dependence of x is usually close to linear, which 
agrees well with the predictions of the theory of structural scat- 
tering. Above the plateau region the thermal conductivity again 
begins to increase with rise of temperature. The thermal conduc- 
tivity of amorphous polymers at low temperatures has been studied 
much less thoroughly than that of crystalline polymers. The most 
detailed and reliable experimental values available for x at low 
temperatures are for polymethyl methacrylate. 

Polymethyl Methacrylate. Polymethyl methacrylate is a typ- 
ical amorphous polymer: its low-temperature thermal conduc- 
tivity has been thoroughly studied. As far back as 1951 Berman (97) 
studied the thermal conductivity of polymethyl methacrylate 
over a temperature range of 2.5-23 K. Later, Rees (99) investigated 
the thermal conductivity of polymethyl methacrylate at temper- 
atures ranging from 1 to 4.5 K, using the same samples as had 
been used by Berman. Above 4 K the results of these investigations 
coincide, while below4 K the values of x obtained by Berman exceed 
the experimental data of Rees by 6.6 per cent (Fig. 2.17). Later, 
Stephens, Cieloszyk and Salinger (67) measured the thermal con- 
ductivity of polymethyl methacrylate below 1 K. At higher 
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temperatures (from 90 to 400 K) the thermal conductivity of 
this polymer has been studied by Eierman (102, 119). 
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FIG. 2.18. Temperature dependence of the thermal conductivity of poly- 

methyl methacrylate at low temperatures (xr, is the part of thermal conduc- 

tivity attributable to three-dimensional longitudinal vibrations; хз is the 

contribution of three-dimensional transverse vibrations; x, is the contri- 
bution of one-dimensional vibrations). 
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FIG. 2.19. Temperature dependence of the thermal conductivity of poly- 


methyl methacrylate over a wide temperature range. The symbols are the same 
as in Fig. 2.18. 


The temperature dependence of the thermal conductivity of 
polymethyl methacrylate is shown in Figs. 2.18 and 2.19 (67, 
97, 99, 102, 119). To analyse the experimental data expression 
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(2.40) is used (33,99), which is a modification of the results of the 
Klemens theory. A theoretical curve that describes the thermal 
conductivity of polymethyl methacrylate well has been plotted 
by using the following values of the parameters in formulas (2.36) 
through (2.40): A/a = 22.4 X 108 cm-t; T, = 7 K; the mean 
free path of transverse phonons l= 7.1 A; vl, = 2.18 x 107? 
cm?/s. It has been demonstrated (115) that the mean free path 
resulting from longitudinal one-dimensional vibrations [see for- 
mula (2.39)], is Һ = 7.3 A. The characteristic temperatures are 
0, — 39 K and 0, — 171 K. If it is assumed that the distance 
between the polymeric chains (estimated from the density) a — 
= 7.5 A, then A = 168 and A4 = 0.63. 

Since these parameters are incorporated into the various terms 
(xr and хт) on the right-hand side of Eq. (2.40), then it is obvious 
that the contribution of various types of phonons to thermal con- 
ductivity is not the same. The contribution of the transverse 
vibrations of a three-dimensional lattice to the total thermal con- 
ductivity of polymethyl methacrylate, x, is very small (Figs. 2.18 
and 2.19). The fact that A > A4 implies that the transverse 
three-dimensional vibrations are strongly damped and the major 
contribution to the low-temperature thermal conductivity of 
polymethyl methacrylate comes from the longitudinal waves. 
The fact that Ar < 1 creates certain difficulties in the application 
of the Klemens theory and for the explanation of the temperature 
dependence of x for polymethyl methacrylate, since the mean free 
path of transverse phonons is lp = Ата. 

According to the Klemens theory l must be of the same order 
as the distance a between the vibrating units. Nevertheless, it is 
believed (115) that the values of Ат <1 can be accounted for 
on the basis of the Ziman theory (02); Ziman related the mean 
free path of phonons to the variation in sound velocity in an amor- 
phous medium. In order for the values of Ат < 1 to be explained, 
one has to assume that large variations in the speed of transverse 
waves are possible and that the correlation length for such varia- 
tions is very small, i.e., is commensurate with a. 

From Figs. 2.18 and 2.19 it can be seen that the largest contri- 
bution to the low-temperature thermal conductivity of polymethyl 
methacrylate comes from longitudinal phonons. However, at 
higher temperatures (above 90 K) the contribution of x; to the 
total thermal conductivity becomes small, and the term х}, 
depending on one-dimensional vibrations, begins to play a dom- 
inant role. This helps one understand why the orientation of 
amorphous polymers leads to a considerable increase in their 
thermal conductivity at high temperatures and does not substan- 
tially affect x near the liquid-helium temperature. Indeed, it is 
known (99) that the thermal conductivity of polymethyl methacry- 
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late stretched 3.75 times, measured in the direction of orientation 
in the temperature range 85-300 K, is 25-30 per cent higher than in 
an isotropic sample. At the same time, near the temperature of 
liquid helium this effect of orientation on x becomes insignificant. 
Rees (99), while measuring the thermal conductivity of a sample 
stretched 2.15 times, found that it is only 6 per cent higher than 
in unoriented polymethyl methacrylate. The slight effect of orien- 
tation of the thermal conductiv- 
ity of amorphous polymers at 
helium temperatures confirms the 
correctness of the conceptual mo- 
del underlying formula (2.40). 

The mean free path associated 
with three-dimensional vibrations 
and calculated for high tempera- 
tures on the basis of that model is 
found to be commensurate with 
a. This agrees well with the idea 
of elementary thermal resistance 
used by Eierman (111, 112) in 
his analysis of the thermal con- 
ductivity of polymers. A com- -7 Ü 7 2 
parison of the theoretical con- " 0 m 7? 
cepts on which formula (2.40) is 
based leads one to the conclusion 

: FIG. 2.20. 3 

that the quantity 1/x, plays dence of the Ke pid rum 
a role analogous to that of ther- of polymethyl methacrylate (J) 
mal resistance due to covalent and polystyrene (2) at very low 
bonds in the Eierman model. temperatures: 
The quantities 1/x, and 1/x 3 are 
to a certain degree analogous to the thermal resistances of the 
secondary bonds. It is interesting to note that the ratio of the 
thermal conductivity due to one-dimensional vibrations to the 
thermal conductivity associated with three-dimensional vibrations 
as calculated from Eqs. (2.38) through (2.40), is equal to 10 : 1 at 
300 K, which fits the results following from the Eierman theory. 

There is a considerable discrepancy between the theoretical 
values of x and the experimental data at temperatures T — 1 K, 
at which the observed dependence of x on temperature is stronger 
than the dependence of the type x oc T predicted by the theory. 
Indeed, Stephens and his coworkers (67) found that below 1 K 
for polymethyl methacrylate, as for some other amorphous mate- 
rials (polystyrene, SiO,, selenium), the thermal conductivity de- 
pends on temperatures as follows (Fig. 2.20): 


x oc T^ (2.48) 





TR 
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where n = 1.8. 

It is assumed that the cause for this non-linear dependence of x 
on temperature is an additional scattering mechanism analogous 
to boundary scattering in silicate glasses. Another factor that 
could lead to a dependence of the type (2.48) is a non-spherical 
symmetry of elastic correlations. 
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FIG. 2.24. Temperature dependence of the thermal conductivity of poly- 
methyl methacrylate in the temperature range —196 to +-140°C (102). 
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FIG. 2.22. Temperature dependence of the thermal conductivity of polysty- 
rene at low temperatures. 


For all amorphous materials for which the dependence (2.48) 
is valid one can observe a super-Debye excess heat capacity for 
the same temperature range (below 1 K). The low-temperature 
heat capacity of these substances is described by formula (1.85). 
The possibility cannot be excluded that a dependence of the type 
(2.48) and the presence of the super-Debye heat capacity at T < 
< 1 K are features common to amorphous materials and do not 
depend on the chemical constitution (67). 
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The experimental values of x for polymethyl methacrylate at 
T — 80 K have been obtained by Eierman (102, 119). A typical 
dependence of the thermal conductivity of this polymer on tem- 
perature is given in Fig. 2.21. 

Polystyrene. There is à small amount of experimental data 
available on the thermal conductivity of polystyrene at low temper- 
atures (67, 99). Rees (99) measured the thermal conductivity 
of two samples of polystyrene over the temperature range 1-4.5 K 
(Fig. 2.22). These results are in good agreement with the Klemens 
theory [see formulas (2.35) through (2.40)]. A comparison of the 
Klemens theory with experimental data (99) yields the following 
values for the parameters in formula (2.36): A/a = 12.1 x 108 ст -! 
and 7, = 6 K. While the value of A/a for polystyrene appears to 
be lower by a factor of about 2 than for polymethyl methacrylate, 
the values of the parameter To, which characterizes the process 
of the transformation of longitudinal phonons to transverse ones, 
are practically the same for both polymers. As in the case of poly- 
methyl methacrylate, A > Ат. This lends support to the Kle- 
mens hypothesis that transverse phonons are scattered more 
intensively than longitudinal phonons. In spite of the fact that 
the number of experimental values of x obtained for polystyrene is 
very limited, it has nevertheless been possible to establish that 
the thermal conductivity of this polymer above 3 K is also inde- 
pendent of temperature (see Fig. 2.22). The upper limit of this low- 
temperature plateau cannot yet be determined because of the lack 
of relevant experimental data. It has been shown (67) that below 
0.5 K the thermal conductivity of polystyrene depends on temper- 
ature in a non-linear fashion (see Fig. 2.20). At T — 0, beginning 
at 0.5 K, the thermal conductivity of polystyrene varies in accor- 
dance with expression (2.48). It is believed (67) that this depen- 
dence of thermal conductivity on temperature at 7 — 0 is typical 
for all amorphous materials. 

In spite of some uncertainty in the interpretation of the non- 
linear temperature dependence of x below 1 K, the mechanism 
of low-temperature heat conduction in amorphous polymers has 
been clarified in greater detail than in the case of crystalline 
polymers. 


CHAPTER 3 


THERMAL EXPANSION OF POLYMERS 
AT LOW TEMPERATURES 


3.1. THERMAL EXPANSION OF SOLIDS 


Thermal expansion is the change in the dimensions and shape 
of solids caused by a change of temperature. Any increase in 
temperature leads to an increase in the amplitude of the vibrations: 
of atoms about their equilibrium positions. When considering 
thermal expansion the assumption that the vibrations of atoms 
are sinusoidal (harmonic) in character proves to be insufficient. 
The factor responsible for the thermal expansion of solids is the 
anharmonic nature of atomic vibrations. 

The potential energy of two neighbouring vibrating atoms 
when they are displaced a distance z from the equilibrium posi- 
tion at a temperature of 0 K may be represented in the following 
form (3): 


U (х) = fa? — ва? — ha* (3.1) 


where f is the quasi-elastic force coefficient (f = —-fz); g is the 
anharmonicity factor. 

The second term on the right-hand side of expression (3.1) 
takes account of mutual repulsion, while the third term allows 
for the "attenuation" of vibrations at high amplitudes. If the 
displacement of atoms from their equilibrium positions, z, is 
small, then the terms involving 2? and z* may be neglected as. 
compared with the term with z? and the vibrations will be harmon- 
ic. With relatively large displacements fromiequilibrium posi- 
tions the vibrations become anharmonic, and these terms in the 
expansion can no longer be neglected. Let us find the average dis- 
placement z of atoms from their equilibrium positions, this being 
what determines the change in the size of solids with a change in 
temperature. To do this, use is made of the Boltzmann distribu- 
tion function, which allows one to average out the values of any 
physical quantity with account being taken of the thermodynamic 
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probability of the corresponding values. Then, 
V zexp[—U (2)/ (kT)] dz 
= 2 (3.2) 
j exp [—U (х)/ (kT)] dz 


If the displacements of atoms are small enough (the anharmonic- 
ity of their vibrations is low), the integrand functions in expres- 
sion (3.2) can be expanded into a series, and for the average dis- 
placement z we obtain the following expression (3): 


ЗЕТ — 
R ctr (3.3) 





C= 


where єт is the thermal expansion. 
The coefficient of volume thermal expansion or volume expan- 
sivity is given by 





= 3gk 
B= 3a in (3.4) 
where о is the coefficient of linear thermal expansion or linear 


expansivity. 

If no anharmonicity is present (the anharmonicity factor g = 0) 
and the atoms vibrate harmonically, then the thermal expansion 
coefficient becomes zero. 

In the equilibrium state the lattice vibrations occur in such 
a manner that the solid occupies a volume to which the minimum 
of Helmholtz free energy corresponds. With a rise in temperature 
the amplitudes of vibrations of atoms in the lattice and, hence, 


their mean average displacement z from their equilibrium posi- 
tions increase. The anharmonic terms in expression (3.1) make 
such a contribution to the value of the free energy that it may be 
far from minimal. As a result, the solid will change its dimensions 
until its volume is such that it corresponds to the minimum of the 
potential energy. 

The theory of the thermal expansion of solids is discussed 
in greater detail by Leibfried (82). 


3.2. EQUATIONS OF STATE FOR SOLIDS 


The thermal expansion coefficient is intimately connected with 
the main parameters of the equations of state of solids. To cal- 
culate the thermal volume expansion coefficient B of an isotropic 
solid we shall make use of the thermodynamic relations: 


p-1 (25) эш (3.5) 
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Let us consider the product of the thermal expansion coefficient 
and the isothermal compressibility Ky: 


k= (a)l (975), |=), 89 
where р is the pressure. 
It is known that 


pe (57). (3:7) 
where F is the Helmholtz free energy; it is defined as 
F = 0 — TS (3.8) 
From relations (3.6) and (3.7) we find that 
BK, = Apr (3.9) 


The expression for the Helmholtz free energy can be represented 
as the sum of two terms, one of which depends on temperature and 
the other not. Assuming that the temperature-dependent part of 
the Helmholtz free energy of a solid is due to the lattice vibra- 
tions, we can write (124): 


F —Us4- Y, kT o[1— exp (—)] (3.10) 
2 


where Ú, is the sum of the zero-point energy and the temperature- 
independent part of the internal energy. 

The zero-point energy is defined as the energy of the lattice at 
T — 0 K. This energy corresponds to the lowest quantum-mech- 
anical state and has a quantum nature. Even at absolute temper- 
ature the lattice of a solid has a zero-point energy composed of 
kinetic and potential energies. The classical concept of a lattice 
made up of atoms whose vibrations are stopped at absolute zero 
is incorrect. From quantum-mechanical considerations it follows 
that the vibrational motion of atoms is retained at absolute zero. 
The energy of the lowest quantum-mechanical state (the zero- 
point energy) is determined by the condition which states that 
the sum of the kinetic and potential energies must havea minimum. 
At low temperatures, when the kinetic energy of atoms is low, 
the positions of atoms in space appear to be "spread", which leads 
to an increase in the potential energy. The zero-point energy is, to 
a certain extent, a measure of such "spread". The "spread" of the 
positions of atoms in space will be especially great if the mass of 
the atoms is small. It should be pointed out that the zero-point 
energy can reach relatively high values. It can be compared with 
the thermal energy of atoms at room temperature. 
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Using relations (3.6) through (3.10), wc get: 


dE 
VpKz = >) vy gp (3.11) 
š; 


The summation is carried out over all the normal lattice vibrations: 
E; is the energy of the jth linear oscillator, and the parameter 
y; is equal to 


V On; d]lnv; 
Y= = Í aV h^ 7 (3.12y 


The parameter y; is called the Griineisen constant (or the Grünei- 
sen gamma) and shows the relationship between the frequencies 
of normal vibrations and the volume of the solid. Grüneisen 
assumed (125) that all y; are equal. 

This supposition is tantamount to assuming that the change 
in volume leads to a relative change in frequency which is the 
same forall vibrations. In such a case, expression (3.11) assumes 
the form: 

d 








E; 
ҮВКт — >) 7 (3.13), 
j 
Hence, 
VBK y = YC, (3.14) 
The last expression is often written down in the form 
Cy 
px VKr (3.15) 


and is called the Griineisen relation. From this equation it {ollows 
that the coefficient of volume thermal expansion is directly pro- 
portional to the heat capacity. Since at T = 0 K the heat capac- 
ity C, = 0, it evidently follows that in this case the volume ther- 
mal expansion coefficient must vanish, which is in keeping with 
the third law of thermodynamics. 

In the Griineisen approximation ү is assumed to be a weakly 
varying function of volume. It is sometimes believed that the 
Grüneisen parameter is practically independent of temperature. 
Barron (126), however, has shown that the Grüneisen assumption 
that all y; are equal is not sufficiently accurate and he has intro- 
duced the concept of the mean value v,, of the Grüneisen para- 
meter. It has been demonstrated (126) that y,, depends on temper- 
ature. In his calculations (126), Barron proceeded from the Born- 
von Kármán theory (6). A crystal consisting of N atoms is regarded’ 
by him (126) as an ensemble composed of 3N harmonic oscilla- 
tors with frequencies of normal vibrations equal to vj. The equa- 
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tion of state is written in this case in the following way: 
3N 


ру =—VE,(v)+> v— (3.16) 
j=1 exp (a ) — 
where p is the pressure; V is the volume; E; (V) is the non-thermal 
contribution to the internal energy of the crystal. 
Without resorting to the Grüneisen assumption of the equality 
of all parameters y;, we can calculate the mean value of the Grünei- 
sen constant: 


3N Pu Tan hyi 
kT i kT 
Ym == 2 Vi hv; БЕ 2 hv; (6411) 
Nos exp (x): Ed exp(at 


Employing this relation and the conceptual model of the inter- 
action potential, Barron has shown (126) that y = f (T). 

In the temperature region 7 < 0.2 Ө p (here Ө р is the character- 
istic Debye temperature) when kT < hv;, only long acoustic 
waves are excited in the lattice and the solid may be considered 
as a continuum. In this case the Grüneisen constant can be repre- 
sented as a function of 0: 


dln 0p V аб 

docui eu ue (9:18) 
From the last equality it follows that the Grüneisen constant 
takes account of the effect of the change in volume on the Debye 
temperature. In fact, this concept is a very rough model of ther- 
mal expansion (127). Different lattice vibrations are influenced 
in different ways by thermal expansion. The Grüneisen constant 
for longitudinal elastic lattice waves is, asa rule, much larger 
than for transverse waves. Therefore, the contribution from differ- 
ent modes of lattice vibrations to thermal expansion is found 
to be different. 


3.3. BASIC CONCEPTS OF THE THERMAL EXPANSION 
OF POLYMERS 


3.3.1. THERMAL EXPANSION OF AMORPHOUS POLYMERS 


There is as yet no sufficiently rigorous and consistent theory of 
the thermal expansion of polymers; this branch of polymer physics 
is now the object of intensive investigations. The major propor- 
tion of theoretical and experimental works are devoted to the 
study of the glass transition and the variation of the thermal expan- 
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sion coefficient of polymers near T,. It is sometimes presumed 
that polymers have two thermal expansion coefficients. One of 
them is taken to be independent of temperature at T < Т,, 
and the second to be weakly dependent on temperature at T > T, 
and greater than the first. At the same time, experimental data 
Show that the thermal expansion coefficients of polymers vary 
with temperature below and above the glass-transition tempera- 
ture. These data (128, 129) indicate that even at very low tem- 
peratures near the liquid-helium temperature the thermal expan- 
sion coefficients of all the polymers studied vary with temperature 
and tend to zero at T +0. 

Let us now consider the thermal expansion of amorphous poly- 
mers in the glassy state, which occurs in polymers at low tem- 
peratures. The presence of an amorphous halo (the inner ring) 
on the X-ray diffraction patterns of amorphous polymers shows 
that they are not completely disordered systems; there are local 
regions in them in which a short-range order is retained. In this 
connection, there have been made attempts to apply the cell 
theory originally developed for simple liquids to amorphous po- 
lymers for the purpose of describing their thermal properties. 

Prigogine and his coworkers (130-132) treated an n-dimensional 
molecule as a set of п point centres of mass of monomers. He 
conjectured that these centres form a quasi-crystalline lattice 
with a coordination number of 12 (the face-centred cubic lattice). 
In these computations, the intramolecular interaction was dis- 
regarded and attention was focused only on the forces of intermolecu- 
lar interaction, which are characterized by the Lennard-Jones 
potential for the mass centres of repeating units. The distribution 
function was then sought on the basis of the cell model. The 
equation of state thus obtained satisfied the principle of corres- 
ponding states, which had been established (133) for liquids con- 
sisting of chain molecules without recourse to the cell model. 

Simba, Havlik and Nanda (134, 135) examined the thermody- 
namic properties of polymeric and oligomeric liquids by proceed- 
ing from a cell theory which includes a parameter taking account 
of the external degrees of freedom of segments and serves as a meas- 
ure of chain flexibility. The equation of state derived theoretically 
is in good agreement with the available experimental data on the 
dependence of volume on temperature. 

Flory (136) differentiated between the segments situated at the 
ends of and within the chains, since they must have different 
numbers of external contacts. He also derived an equation of 
state for normal paraffins, assuming that the energy of intermol- 
ecular interaction is inversely proportional to the volume. 

Di Benedetto (137) applied the cell model to amorphous po- 
lymers, assuming that each chain centre is surrounded at equal 
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distances by four parallel chains. The equation of state obtained 
was based on the assumption that a potential of the Lennard- 
Jones type can be used to describe the interaction between the 
repeating units of the nearest chains forming a tetragonal lattice. 

The relationship between pressure, temperature, volume and 
the glass-transition temperature has been examined. The molecular 
constants and cohesive energy density of some amorphous po- 
lymers have been calculated from experimental values of the 
thermal expansion coefficient and the isothermal compressibility. 
Nevertheless, this theory has not gained recognition since the 
free-volume concept is disregarded in the consideration of the rub- 
bery (high-elastic) state; in particular, the formation of holes is 
ignored. Later, attempts were undertaken (138, 139) to describe 
amorphous polymers in terms of a cell theory in which holes were 
treated as necessary structural elements. Paul and di Benedetto 
(140) have shown that the thermodynamic properties of amorphous 
polymers can be described by introducing a structure parameter 
which takes account of the size of molecular units. 

The problem of the thermal expansion of amorphous polymers 
has been examined in detail by Ishinabe and Ishikawa (141). 
They assumed that polymeric chains in the amorphous state form 
the hexagonal (coordination number 6) or tetragonal (coordina- 
tion number 4) lattice. These authors discussed the asymmetry 
of the field of dispersion forces associated with the coupled inter- 
action between the repeating units of the various chains. The 
total potential energy was determined through the summation 
of coupled interactions throughout theentire lattice, with the excep- 
tion of the energy of each polymeric chain. This treatment is, 
in effect, analogous to that based on the use of the Einstein model 
for a solid and allows one to describe the thermodynamic proper- 
ties of polymers in the glassy state with account taken of the part 
played by the van der Waals volume. 

Let us consider in more detail the basic premises of the theory 
proposed by Ishinabe and Ishikawa (141), since they are typical 
of other theoretical investigations. 

Since in amorphous polymers there exists a short-range order 
(and, possibly, ordered regions as well), it is assumed that at 
a certain distance the repeating units of polymeric chains arrange 
themselves parallel to one another, form trans-conformations and 
build the hexagonal lattice (Fig. 3.1). Furthermore, it is presumed 
that a polymer is a single-phase system consisting of N homoge- 
neous n-dimensional chains, each of which can be regarded as a set 
of n centres of force. Each of these centres can move only in a plane 
perpendicular to the chain axes. The cross-sectional area of such 
a hexagonal lattice formed by polymerie chains is depicted in 
Fig. 3.2, with the size of the cells and the position of the shells 
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rather strictly defined. The volume of one cell is 
p = Wer 


where À is the distance between two neighbouring centres of 
force along the chain; y, is a geometric factor equaling 0.866 


VID -2;-h0; 2,7 


FIG. 3.1. The interacting-chain model (141) (А is the distance between neigh- 

bouring centres along the chain; ry, is the distance between the nearest 

force centres of neighbouring chains; rj, is the distance between the centre 
of forces at the coordinate origin and the jth centre in the kth shell). 





FIG. 3.2. The cross section of the hexagonal lattice formed by polymeric 
chains. 


for the hexagonal lattice and 1 for the tetragonal lattice; r is 
the distance between the nearest centres of the neighbouring 
chains. 

In both types of lattice the shells are situated at a distance 
V k-r, where k = 1, 2, 3, .... 

The potential energy of the interaction of two centres, one of 
which is located at the coordinate origin and the other (the jth 
centre) in the kth shell, can be represented by a potential of the 
Lennard-Jones type: 


pn = £*fp | ( r* )”—2 [ r* y] (3.19) 
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where e* and r* are parameters characterizing the energy and 
distance; f; is a factor taking account of the asymmetry of the 
field of dispersion forces in coupled interactions. 

The approximation for f;, deduced from the London equation 


for the angular dependence of dispersion forces has the following 
form (142, 143): 





fin == 1 — 2kpj, + К (Sp; — 1) (3.20) 
where 
з Tk 
Dj Я 4 (3.21) 
2094—8&, 
lr D (3.22) 


Here a, and œ, are the polarizabilities of point centres in direc- 
tions parallel and perpendicular to the chain axis, respectively; 
& is the average value of polarizability; r} = ry, is the shortest 
distance between a given point centre and the kth chain. 
Assuming the additivity of coupled interactions and disregard- 
ing intrachain interactions, we can define the lattice energy as 


o= У У mfn | (Z=) -2(2-)] G2» 


T jk 











h—1 j=- оо 


where 
rj. rà + (j° (3.24) 


Since the summation in Eq. (3.23) is carried out for the case 
r, > 24, this equation may be written down as follows: 


Nnzg*r* v* \ 11/2 p* \5/2 
o= a (E) -(7)] e 
where the characteristic volume v* is determined by the expres- 
sion v* = Ар, (r*)5; the constants A and B and the coordination 
number z have the following values: A = 0.775, B == 2.654, 
2-6 for the hexagonal lattice and A=0.791, В = 3.063, 
2 = 4 for the tetragonal lattice; the parameters Ë and т are found 
from the relations: 


E = 1 — 0.751k + 0.8782? (3.26) 
n = 1 — 0.502k + 0.255%? (3.27) 


Assuming that the polymeric chain consists of g units, each of 
which moves independently, we find that the average potential 
energy of such a kinetic unit is equal to U, = 2@/Ng. In cal- 
culating the potential energy account is taken only of the inter- 
actions between the closest chains. From the original premises 
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given above we obtain (141) the following equation of state: 


W s [1— 0.831 (+) (ZT 


par (= 11/2 ; v* 19/27 
T | (5 wj. cu iJ ] (529) 
where A' — 4.263, B' — 6.635 for the hexagonal lattice and 
A’ = 4.351 and B’ = 7.658 for the tetragonal lattice; the para- 
meter s characterizes the chain flexibility (s = д/п). 

If the point centre has o links, the parameter s, is introduced: 
Sọ = s/o = g/no. This parameter (sọ) can have values ranging 
from 0 to 1. For rigid molecules s, = 0 and for very flexible 
molecules s, = 1. If we introduce the reduced temperature 7, 


the reduced volume V and the reduced pressure p, which are given 
by 

АЕТ | zm v. c —2v*p 
Tas VS pecus 


f= (3.29) 


then the reduced equation of state can be written as follows: 


- [1-083 (2) рч] ub 
-(A'EP 11? Ваў 2/2) T (3.30) 


where the parameters Ё and m are close to unity (for example, 
E = 1.035 and n = 1.023 for polystyrene, and £ = 0.978 and 
n = 0.985 for polyvinyl chloride). 

At atmospheric pressure the left-hand side of Eq. (3.30) is 
very small and may be neglected as compared to the terms on 
the right-hand side of the equation. Then, assuming Š and m 
to be equal to unity, we get an approximate expression: 


(40.8317 2) (a'y 12. po) (3.31) 


Equation (3.31) gives the relation between the van der Waals 
volume and the temperature at atmospheric pressure. The cubic 
expansion coefficient B can be found by differentiating this equa- 
tion with respect to temperature: 


1 —(5.54'9-1!? .-9.5p'V-9?) -9493(24'V-*— В'Ў-з) (3.39) 
The reduced cubic expansion coefficient B is given by 


y 01 (90V Y. z(4—fo) e*r* ae 
b => (#) mime: В и 
where f, is the relative free volume. 

Thus, the thermodynamic properties of amorphous polymers 
in the glassy state can be described by Eqs. (3.31) and (3.32) 
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TABLE 3.1. The Molecular Parameters of Selected Amorphous Polymers 


Polymer | ex, A 
Polystyrene 9.03 
Polymethyl methacrylate 1.89 
Polyvinyl chloride 6.11 











T* or Type of 

50 e*/k, K lattice 
0.81 184.2 Hexagonal 
0.66 229.2 Tetragonal 
0.34 134.9 Hexagonal 


if the values of the molecular parameters r*, є*, and z are known- 
The values of r* and e* can be calculated theoretically (141; 
144, 145) through the use of certain experimental data. Thelre- 
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FIG. 3.3. Dependence of the re- 
duced volume V on the;reduced tem- 
perature 7 for the hexagonal (7) 
and tetragonal (2) lattices (O— 
polystyrene, 6 —polymethyl me- 
thacrylate). 


sults of such calculations for some 
amorphous polymers are tabu- 
lated in Table 3.1. 

The results of a comparison 
of theoretical calculations with 
experimental data (146) for amor- 
phous polymers, such as poly- 
methyl methacrylate and poly- 
styrene, are given in Fig. 3.3. 
From this figure it is seen that 
the results of theoretical calcula- 
tions argee well with experimen- 
tal data. 

In spite of the fact that Eqs. 
(3.31) and (3.32) describe thermal 
expansion in the glassy state 
well, they do not fit even quali- 
tatively the results of experi- 
mental investigations at low 
temperatures. 

An attempt to describe theo- 
retically the thermal expansion 


of amorphous polymers at low temperatures has been made by 
Simha and coworkers (147). They too proceeded from the cell 
model, supplementing it with quantum concepts based on the 
Einstein theory in one variant and on the Debye theory in the 
other. In deriving the equation of state they made use of the Len- 
nard-Jones and Devonshire potentials (148). The Helmholtz free 
energy for a set of harmonic oscillators is written in this case 


in the form: 


зе 


F Us Uc У, 1п| 1—ехр (—3)] (3.34) 


i=1 
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where U, is the zero-point energy; Uint is the energy of intermo- 
lecular interaction. 

The summation is carried out over 3cN “external” modes of 
vibration, where 3c is the number of volume-dependent degrees 
of freedom per chain. Introducing the reduced variables and using 
the 6-12 potential, one obtains (147) the following reduced equa- 
tion of state: 





m 


4 


~o _ 2 / дау; | 
pV == (A8 — B)— x 76% жм ólnV ) 


exp (—hv;/kT) 
< [5+ 1—exp ( — hv/kT) ] (3.35) 


where gze* is the parameter characterizing the energy of inter- 
molecular interaction referred to one chain. 

Introducing the Grüneisen constant y and the reduced character- 
istic Einstein temperature, we obtain: 


pv a=. [+ = —B)--3364| 5 


V2 


m EE 
exp (28. )-1 


In an analogous way we can derive an equation of state in the 
Debye approximation. Two such equations in the limiting case 
of low temperatures (at 7 — 0 K) lead to different temperature 
dependences of the thermal expansion coefficient: 


= (3.36) 








бок ox (Üg/T)2- exp (— 62/7) 
бор e (716) 


where a = aT* and Ө = 6/T*. 

Thus, in addition to reduced pressure, temperature and volume, 
the quantum-mechanical treatment also makes use of reduced 
characteristic temperature. The quantum theory imposes an ad- 
ditional condition for the fulfilment of the principle of correspond- 
ing states. This condition is that 0 — const. Only in this case 
will] Eqs. (3.35) and (3.36) hold. Neglecting the left-hand side 
of Eq. (3.36), one can obtain an expression analogous to Eq. (3.31) 
which can be used to calculate the thermal expansion coefficient. In 
this way the thermal expansion coefficients of a number of amor- 
phous polymers have been obtained (147). It has been found that 
the thermal expansion coefficients calculated according to the 
Einstein theory are in good agreement with experimental data 
at temperatures ranging from 10 to 50 K, with the reduced charac- 
teristic Einstein temperature being дь = 5 x 10-3 (0, = 74 K). 
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Above 50 K one observes a systematic departure of the theoretical 
curve from the experimental values of «. The results of such 
a comparison for polycyclopentyl methacrylate are presented 
in Fig. 3.4. The possibility can 
not be excluded that the temper- 
ature dependence of the linear 
thermal expansion coefficient at 
very low temperatures (below 
4 K) is due to quantum tunnel- 
ling transitions (149). 


3.3.2. THERMAL EXPANSION OF 
CRYSTALLINE POLYMERS 





0 #0 2 DUE. It is obvious that the thermal 

„К expansion coefficient of a crystal- 

FIG. 3.4. Comparing experimental Jine polymer must be dependent 

(unfilled circles) and theoretical jot only on volume and tem- 
(solid line) values of the thermal 

expansion coefficient of polycyclo- Perature but also on the degree 

pentyl methacrylate at 0g = of crystallinity. If the polymer 

=5 x 10-3 (147). is neither completely crystalline 

nor completely amorphous, its 

specific volume V can be represented as a linear combination of 

the specific volumes of crystalline, V}, and amorphous, У», 

regions. If these regions are in equilibrium at the same temperature 

and pressure, we can write: 


Y AV, dd 2) (3.37) 


where À is the so-called "weight" (or *mass") degree of crystallinity 
(% = m,/m, where m, is the total mass of crystalline regions in 
the sample of a given polymer, and m is the mass of the entire 
sample). 

Let us divide both sides of Eq. (3.37) by V? (the specific volume 
of a fully crystalline polymer at 7 — 0 K and P — 0) (150). 
Introducing the dimensionless parameters z = V/V), z, = V/V? 
and zx, = V,/Vi, we transform Eq. (3.37): 


х= ху (1А) ш» (3.38) 


The thermal expansion coefficient will in this case assume the 
form 
24 40V A d (ry " 
p= x), Um), и 
Equation (3.39) will then be written (150) in the following manner: 


B f. + (0—2) 2,6] (3.40) 
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The subscripts 1 and 2 refer, respectively, to the crystalline and 
amorphous regions of the polymer: 


zu n o uci 22: 
= URL: ае (8), 
Assuming that А is a constant quantity, we can, via Eq. (3.40) 
calculate the thermal expansion coefficient B for a given degree 
of crystallinity if the parameters В,, В,, ху, and z, are known. 
For polyethylene these parameters can be calculated theoretically 
(151) by means of the available equations of state for completely 
crystalline and completely amorphous polymers. An equation 
of the following type holds for both phases of polyethylene: 


p (z, T) = po (z) + g (2) T (3.41) 


where p, (2) is the pressure at 0 K, and the product g (2) T repre- 
sents the thermal contribution to the pressure (p+) at given volume 
and temperature. 

The form of the two functions in Eq. (3.41) depends on the 
ratio of the crystalline to amorphous regions. Since (др/дТ)„ = 
= BB., where Вт = —z (др/дх)т, then Eq. (3.41) yields the 
following expression for p: 


В = pri(TBr) (3.42) 


For crystalline polymers the principle of corresponding states 
holds in some cases (150), a circumstance that enables one to use 
Eq. (3.41) with the reduced variables. 

There also exist other methods of describing the thermodynamic 
properties of crystalline polymers, in which such polymers are 
treated as three-dimensional crystals (152). 


3.4. METHODS OF MEASURING 
THERMAL EXPANSION COEFFICIENTS OF POLYMERS 


At low temperatures the experimentally determined character- 
istic of the thermal expansion of polymers is the linear thermal 
expansion coefficient о. There exist various methods, all giving 
substantially differing results for the determination of this coef- 
ficient. For example, the mean linear thermal expansion coefficient 
is defined as the unit elongation of a solid when its temperature 
is changed by one degree: 


t Li—L; 


EZ ac (3.43) 


Gn 


where L; and L; are the linear dimensions (length) of the solid 
at the temperatures ¢; and t; L, is the length of the solid at a cer- 
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tain reference temperature £, (the reference temperature usually 
chosen is OK, 0°C or 20°C). 

Besides, there are integral and differential thermal expansion 
coefficients. If t; = t, and L; = L, in formula (3.43), the quan- 
tity a,, calculated in this case is called the mean integral tem- 
perature coefficient of linear expansion. If the quantity L, is rep- 
laced in formula (3.43) by L; equal 
to the length of the test sample 
at the temperature t,, we obtain 
the mean differential temperature 
coefficient of linear expansion. 

Since the thermal expansion 
coefficient of polymers is, as 
a rule, substantially dependent 
on temperature, use is often 
made of the values of the so-called 
true linear expansion coefficient 
at a given temperature ¢, which 
is determined by the formula 


1 д1, 
©! FTU E (3.44) 





Thus allmethods oÍ determin- 
ing о сап be reduced to the 
measurement of the linear dimen- 
sions of a solid (or of its parts) 
at various temperatures and to 
the measurement of these temper- 
atures. In spite of the basic 
simplicity of the method, the 
measurement of the thermal expan- 
FIG. 3.5. Schematic representation sion coefficient of polymers over 
of a low-temperature dilatometer a wide temperature range presents 





NS 


(154): considerable experimental diffi- 

l—inner quartz tube; 2—outer quartz : 
tube; 3—thermocouple; 4—sample; 5— culties. Such measurements ATE 
Dewar vessel. especially time-consuming and 


complicated at T — 0 K. 

Instruments used for the determination of thermal expansion 
coefficients (dilatometers) can be divided into two groups. Some 
dilatometers are designed for absolute measurement of thermal 
linear expansion coefficients, in which the linear dimensions of 
the sample (or changes in them) are directly measured at various 
temperatures, with the temperatures themselves being measured. 
Other dilatometers are designed for relative measurements, in 
which thermal expansion coefficients are determined through 
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comparison with a reference standard with a known thermal expan- 
sion (determined by the absolute method). 

A detailed description of various methods and instruments used 
for the determination of thermal expansion coefficients, including 
those at low temperatures, can be found in a monograph by Amat- 
uni (153). It should be noted only that the use of modern laser 
techniques makes possible the design of dilatometers whose opera- 
tion is based on a fundamentally different principle and which 
are free from the shortcomings mentioned by Amatuni (153). 

Figure 3.5 is a schematic representation of a rather simple 
dilatometer, the one used by Laquer and Head (128, 154) to 
measure the thermal linear expansion coefficients of a number of 
polymers within the temperature range 20-300 K. 
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The most detailed study of the thermal expansion of polymers 
at low temperatures has been made by Laquer and Head (128). 
In 1952 these authors published a work (128) containing the results 
of the measurement of the thermal expansion coefficients of 20 po- 
lymeric materials at temperatures ranging from 20 to 300 K. 
Subsequent review articles (129) have been based solely on the 
data obtained by Laquer and Head. À number of investigations 
devoted to the study of polymers at low temperatures have been 
carried out in recent years by Simha and coworkers (155-158). 
Other investigations (159-161) of the thermal expansion of poly- 
mers at low temperatures are not systematic. We shall concern 
here with ourselves the available experimental data on the thermal 
expansion of the most widely used polymers at low temperatures. 

Polyethylene. The thermal expansion of polyethylene at low 
temperatures has been studied by a number of investigators (128, 
157, 160). Simha and his coworkers (157) studied the temperature 
dependence of the с of three samples of polyethylene in the range 
88-293 K with a view to investigating temperature transitions 
and comparing dilatometric data with the results of dynamic 
mechanical and dielectric measurements. À typical dilatometric 
curve obtained by Simha et al. (157) for polyethylene with a den- 
sity of 0.929 Mg/m? and a crystallinity of 54 per cent is shown in 
Fig. 3.6. The dilatometric curve shows four temperature transi- 
tions characterized by the following feature: at temperatures ex- 
ceeding the temperature of each transition there is observed an 
increase in the linear thermal expansion coefficient. 

The temperatures of the transitions of polyethylene have the 
following values: —126, —62, —22, and —2°C. The positions 
of these transitions on the temperature scale correlate well with 
the results of dynamic mechanical and acoustical measurements 
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(70). The temperature transition observed on the « = f (T) curve 
at —126°C is due to the phenomenon of y-relaxation, i.e., to the 
unfreezing (at this temperature) of the restricted rotation of a por- 
tion of the main chain of polyethylene, which contains four suc- 
cessively arranged methylene groups. According to the model 
proposed by Schatzki (162), the rotation takes place about two 
colinear bonds and resembles the motion of a crankshaft. This 
type of motion is possible only in amorphous regions and must 
lead to the appearance of low-temperature peaks of tan 6 in acous- 
tical (70) and dielectric (163) measurements. 


042 
-200 -E0 -120 -80 -40 2 40 
; Ç 
FIG. 3.6. Typical dilatometric curve for polyethylene with density 
0.929 Mg/m? and a degree of crystallinity of 54 per cent (157). The arrows 
indicate transitions. 





The temperature transition observed at —22°C is due to the 
unfreezing (above this temperature) of the micro-Brownian seg- 
mental motion in the amorphous regions of polyethylene. Thus, 
for the polyethylene studied by Zakin, Simha and Hershey (157), 
the glass-transition temperature of the amorphous layer T, = 
= —22°C. If T, is extrapolated to a sample with zero degree of 
crystallinity, it will be found to range from —80 to —90°C, 
which agrees well with the estimates obtained by Boyer (164), 
who maintains that the glass-transition temperature of completely 
amorphous polyethylene must be —80°C. The nature of the temper- 
ature transitions that occur at —62 and —2°C has not yet been 
fully clarified. We might expect that at least one of them is 
associated with the restricted motion of small elements of the 
main chain containing methyl groups, which play the role of 
branches in this polymer. 

The results of dilatometric measurements (157) in the low- 
temperature region do not fit the earlier experimental data of 
Laquer and Head (128) (Fig. 3.7). For example, at —180°С, 
according to the data reported (157), @ = 5 x 10-5 K-!, while, 
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according to Laquer and Head (128), at this temperature a = 
= 10.4 X 10-5 K~. Recent measurements for polyethylene (160) have 
shown a good agreement with the results of Laquer and Head. 
The discrepancy between the available data (128, 160, 157) 
may be due to two factors. One of these is possibly that samples of 
differing degrees of crystallinity were investigated, which could 
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FIG. 3.7. Temperature е К of the linear thermal expansion coefficient 
of polyethylene, after Laquer and Head (128). 


lead to different values of «. It has been demonstrated (160) 
that in high-density polyethylene with a higher degree of crystal- 
linity the thermal linear expansion coefficient а = 8.1 х 105° К + 
at 77 K. At the same time, for low-density polyethylene, which 
has a lower degree of crystallinity, œ = 13.4 x 1077 K-! at 
the same temperature. The other possible factor is that Laquer 
and Head (128) and van de Voorde (160) measured the mean 
integral thermal coefficient of linear expansion, while Simha 
and coworkers (157) determined the true linear expansion coeffi- 
cient calculated by formula (3.44). 

Attempts have been made (151) to calculate the linear thermal 
expansion coefficient of polyethylene by using the equation of 
State of this polymer. For example, for polyethylene with a degree 
of crystallinity À = 40.5 per cent it has been found (151) for 
the temperature range 0-109.5 K that 


a = 5.86 x 107 T (3.45) 
and for the range 109.5-240.7 K 
æ = 0.2761 х 10-* + 3.065 x 107 T (3.46) 


Near the liquid-helium temperature the results of calculations 
using formula (3.45) lead to œ values which differ by an order of 
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magnitude from experimental data (128, 160). Near the liquid- 
nitrogen temperature (77 K) the values of с calculated by for- 
mula (3.45) are in good accord with the experimental dataPof 
Simha and coworkers (157). Using the methods of X-ray structure 
analysis, Swan (43) measured the linear thermal expansion coeffi- 
cients for the parameters of the unit cell of polyethylene for the 
temperature range —70 to +130°C and also at —196?C. It is 
interesting that along the “а” axisa = 1.1 x 10-5 K-! at —196°C, 
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FIG. 3.8. Temperature dependence of the linear thermal expansion coeffi- 
cient of polypropylene having a degree of‘crystallinity of 18 per cent. 


which isless than the thermallinear expansion coefficient of isotro- 
pic partly crystalline polyethylene by a factor of 10 (128). 
Polypropylene. The thermal linear expansion coefficient of 
polypropylene in the temperature range —185 to +20°C has 
been measured by Simha and coworkers (157). They have also 
studied the thermal expansion of polypropylene-polyethylene 
blends and propylene-ethylene copolymers. A typical dilatometric 
curve for polypropylene with a density of p — 0.871 Mg/m? 
and a degree of crystallinity of À = 18 per cent is given in Fig. 3.8. 
The biggest change in the thermal linear expansion coefficient 
is observed at — 14°С, this being the glass-transition temperature 
of polypropylene. This result agrees well with the data (at —18°C) 
obtained by Reding (165) and Manaresi and Gianella (166) and 
also with the value of T, = —15^C which has been reported in 
the literature (167, 168). Wilkinson and Dole (169), while studying 
the temperature dependence of the specific heat capacity of poly- 
propylene, obtained a value of T, = —12°C, and Passaglia and 
Kevorkian (58) found that 7, = = £44 C. For "polypropylene with 
À = 18 per cent the difference between the thermal linear expan- 
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sion coefficients above and below T, is 1 x 404 K-! (157), 
which correlates well with the magnitude of the variation of the 
thermal cubic expansion coefficient at 7, (166) of completely 
amorphous polypropylene, equal to AB = 4 x 10 K+. The 


temperature transition that appears on the a = (T) graph at 
—126°C (see Fig. 3.8) could possib- 
ly be connected with the unfreeze 16 





ing of the rotation of the methyl 
groups. 

In polypropylene-polyethylene 
blends the glass-transition tem- 
perature lies between —9 and 
—14°C and the variation Ag of 
the linear expansion coefficient 72 
at T, falls off with increasing 
polyethylene content. 

Polytetrafluoroethylene. The 
most detailed study of thermal 
expansion in polytetrafluoroethyl- 
ene (Teflon) in the temperature 
range —190 to +300°C has been 
conducted by Kirby (170) and 8 
also by Novikova and Leksina 
(171). To measure the thermal 
expansion of Teflon, Novikova 
and Leksina (171) employed two 6 
different dilatometers designed 
by Strelkov (172-174). The ther- 
mal linear expansion coefficient 4 
was calculated by formula (3.43), 80 160 240 320 400 
where L, = Ly (Lo Г the length LK 
of the sample at 0°C). The tem- 
perature ranges of measurement, FI peres ec ы 
ta —t,, were 5°C, and within the cient of  polytetrafluoroethylene 
range of a sharp variation of the having a density of 2.25 Mg/m’. 
linear thermal expansion coeffi- 
cient, 0.5°C. The tests were carried out on samples of strongly 
crystallized, annealed polytetrafluoroethylene with a density of 
р = 2.25 Mg/m?. 

The temperature dependence of the thermal linear expansion 
coefficient of this sample of Teflon is given in Fig. 3.9. The increase 
in the linear expansion coefficient at 150-160 K is associated 
with the unfreezing of the segmental motion in amorphous regions, 
i.e., with the transition of the amorphous layer from the glassy 
to the rubbery state. This temperature transition is relatively 
weakly pronounced on the graph (see Fig. 3.9) because a highly 
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crystalline sample of polytetrafluoroethylene (degree of crystallin- 
ity À — 83 per cent) was used, and also because a strongly prominent 
peak of the linear expansion coefficient at 20°C is superimposed 
on the high-temperature branch. Nevertheless, while carrying 
out calorimetric measurements, Furukawa, McCoskey and King 
(38) observed a slight spontaneous rise in temperature (0.001 K/min) 
between 160 and 170 K for highly crystalline polytetrafluoroethy)- 
ene and in the region of 145-175 K for samples with a lesser degree 
of crystallinity. They noted that such a spontaneous increase 
in temperature is observed for amorphous solids near Tg. 

A relatively weak variation of the linear thermal expansion 
coefficient of polytetrafluoroethylene in the region of the glass- 
transition temperature is, to a considerable extent, associated 
with the dominant effect of the phase transition observed at 
20°C. On the а = f (T) plot this transition manifests itself as 
a sharply pronounced peak, at the maximum of which the thermal 
linear expansion coefficient increases 13 times. This peak does not 
appear in Fig. 3.9, but some idea of it can be gained from Fig. 3.10. 
The change in the specific volume involved in this transition is 
about 1 per cent, which corresponds to 85 per cent of the total 
change in volume in all the temperature transitions occurring in 
this polymer. The peak of thermal expansion in polytetrafluoro- 
ethylene at 20°C is due to phase transition of the first kind, that 
is, a change in the type of unit cell from the triclinic to the hexa- 
gonal system as a result of the change in the chain conformation 
and the vibrations about the chain axis, which lead to a slight 
coiling and uncoiling of the polymeric chain. Thus, this temper- 
ature transition consists of an orientational disordering of macro: 
molecules above 20°C and is a transition of the “orientational 
melting" type predicted by Frenkel (175). The second temperature 
transition (see Fig. 3.10) occurs at about 30°C. Above this temper- 
ature the macromolecular conformations cease to be regular and 
therefore no rotations of the macromolecules about their axes occur 
(176). 

In the low-temperature region, down to 20 K, the thermal 
expansion of Teflon (Fig. 3.11) has been measured by Laquer 
and Head (128). The results obtained by these authors at T — 
> 80 K agree satisfactorily with the experimental data of Kirby 
(170), but they are 1.5 to 2 times higher than the values obtained 
by Novikova and Leksina. This discrepancy is probably due to 
the fact that Novikova and Leksina used strongly crystallized 
samples of Teflon (A = 83 per cent), while the degree of crystal- 
linity of this polymer usually ranges from 40 to 60 per cent. 
It is known (171) that in the low-temperature region the thermal 
linear expansion coefficient of Teflon decreases with increasing 
crystallinity. 
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In a recent article van de Voorde (160) gives the values of the 
thermal linear expansion coefficient at 4.2 K (к = 6.8 x 10-5 К -) 
and 77 K (a — 7.6 x 10-5 K -), which are in satisfactory agree- 
ment with the data of Laquer and Head. 

Polyalkyl Methaerylates and Some Other Polymers. The thermal 
expansion of 14 polyalkyl methacrylates at temperatures ranging 
from —180 to +100°C has been thoroughly studied by Haldon 
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FIG. 3.10. Temperature dependence 
of the linear thermal expansion coef- 


ficient of  polytetrafluoroethylene 
over a wide temperature range. 


FIG. 3.11. Temperature dependence 

of the linear thermal expansion coef- 

ficient ої polytetrafluoroethylene, 
after Laquer and Head (128). 


and Simha (155). The aim of their work wasto investigate temper- 
ature transitions in these polymers, to compare these transitions 
with the results of dynamic mechanical and dielectric studies, and 
also to test the Simha-Boyer relation. 

Simha and Boyer (177) proposed a simple method for calculat- 
ing the free volume of polymeric materials at their glass-transi- 
tion temperatures, based on the use of the values of their thermal 
expansion coefficients. If we denote the thermal expansion coef- 
ficients above and below their glass-transition temperatures by 
В; and Pg, then, according to Simha and Boyer (177), 

(B; — Bj) T, = ABT, =k (3.47) 
where k may be regarded as the free-volume fraction. It has been 
found that the parameter k assumes values around 0.113 for poly- 
mers in which no sharply pronounced molecular motion takes 
place below T,. The findings of Rogers and Mandelkern (178), 
however, do not confirm the validity of relation (3.47). It does 
not hold, for example, for the series of polyalkyl methacrylates, 
where k decreases with increasing length of the side chain. It is 
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supposed (155, 177) that this departure from the Simha-Boyer 
rule is caused by the intensive motion of side groups below 7. 
Simha and Boyer maintain that as a result of the motion of side 
chains in polyalkyl methacrylates there is retained in the glassy 
state an extra free volume which leads to much higher values of 
D, than usual, which must in turn reduce the value of ApT;,. 
It is therefore suggested (155) that formula (3.47) be written in 
the form (B; — Ва) Tg = k, where B4, is the thermal expansion 
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FIG. 3.12. Temperature dependence of the linear thermal expansion coef- 
ficients of polymethyl methacrylate (1), polyethyl methacrylate (2), poly- 
n-propyl methacrylate (3), and poly-n-butyl methacrylate (4). 


coefficient at temperatures lower than the temperature at which 
the mobility of side groups is unfrozen. According to dilatometric 
measurements (155), in polymethyl methacrylate, apart from the 
glass-transition temperature (7, = 376 K), there are observed 
temperature transitions at 288 К and 143 K. If the value Зо, 
measured at T < 143 K is taken as ф,;, then 3 (a; — Og) T, = 
— 0.12, which is in satisfactory agreement with the Simha-Boyer 
rule. 

An interesting feature of this work is that the authors, using 
the dilatometric method, succeeded in observing multiplet tempe- 
rature transitions in a number of polymers in the glassy state, 
whereas as the length of side chains increases these transitions 
will not be found in dynamic mechanical measurements at low 
frequencies. Furthermore, it has been found (155) that in polymers 
with very flexible side chains there occur temperature transitions 
near the lower end of the temperature range used. Such temper- 
ature transitions caused by relaxation phenomena have been stud- 
ied by dynamic mechanical methods for polyalkyl methacrylates 
(179, 180) and also for systems with flexible side chains—polyalkyl 
acrylates (181), polyalkyl vinyl esters (181), and poly-a-olefins 
(182). 
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Later, Haldon and Simha (156) extended the temperature range 
of their investigations to low temperatures and measured the 


thermal expansion coefficients of 10 polyalkyl methacrylates, 
poly-4-methyl 1-pentene and ethylene-propylene copolymer (the 
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FIG. 3.43. Temperature dependence of the linear thermal expansion coef- 
ficients of poly-sec-butyl methacrylate (Z), polyisobutyl methacrylate (2), 
and poly-tert-butyl methacrylate (3). 
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FIG. 3.14. Temperature dependence of the linear thermal expansion coef- 


ficients of poly-n-hexyl methacrylate (Z), poly-n-octyl methacrylate (2), 
and poly-n-decyl methacrylate (3). 


ethylene-propylene ratio being 49 : 51) in the temperature range 
20-120 K. The temperature dependence of the thermal expansion 
coefficients of polyalkyl methacrylates is shown in Figs. 3.12, 
3.13, and 3.14. The curves obtained by Haldon and Simha (155, 


8* 
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156) fit in well with these graphs. There is a small discrepancy 
in the case of some polymers, due to the different thermal histories 
of the samples. For all the polymers, except for polymethyl metha- 
crylate, there is clearly observed between 20 and 40 K an increase 
in the thermal expansion coefficient. At higher temperatures, for 
most of the polymers there is a plateau region on the a = f (T) 
graph, the position and extent of which depend on the specific 
features of the polymer. The low-temperature plateau ends with 
a sufficiently clear-cut temperature transition. 

In the temperature range 20 to 60 K the linear expansion coef- 
ficient of polymethyl methacrylate is approximately equal to 
1 x 10-5 K-1. The value of о then increases over a rather wide 
temperature range (about 35 K). The middle point of this range 
lies at about 83 K. At higher temperatures, up to 200 K, no 
temperature transitions are observed in this polymer. Polyethyl 
methacrylate, poly-p-propyl methacrylate, and all butyl isomers 
(see Fig. 3.13) show an increase in their linear expansion coefficients 
between 20 and 50 K, an increase which ends with a plateau. 
Beyond the plateau region, there is observed for each of the poly- 
mers a temperature transition, the middle point of which lies 
between 80 and 110 K, depending on the type of the polymer. 
The corresponding transition temperatures are given in Table 3.2. 

With polyisobutyl methacrylate there are observed two low- 
temperature transitions which can be readily reproduced. There 
is no plateau region for poly-z-hexyl methacrylate and poly-n- 
octyl methacrylate, but the latter probably has two not very 
pronounced transitions. 

It is interesting to compare the temperature dependence of a 
for polymethyl methacrylate and polyethyl methacrylate with 
the results of measurements of the loss tangent tan Ó in the same 
temperature range. 

Woodward has shown (318) that for polymethyl methacrylate 
(at 5 K) and polyethyl methacrylate (at 50 K) the loss tangents 
have peaks measured at a frequency of about 10* Hz. Sinnott (184) 
observed the peaks of the loss tangent in these polymers at Tm < 
< 4.2 and Tm = 41 K respectively, at frequencies of a few Hz. 
The results of dynamic mechanical investigations of polyethyl 
methacrylate can be compared with the initial increase of a in 
Fig. 3.12. Such a comparison cannot be made for polymethyl 
methacrylate because of the lack of reliable dilatometric data 
near the liquid-helium temperature. 

The peaks of the loss tangents correspond to the transitions 
detected in poly-n-propyl methacrylate, poly-n-butyl methacry- 
late and poly-sec-butyl methacrylate (179, 180). The mechanical 
loss maxima for the first two polymers measured at a frequency 
of 1 Hz are respectively situated at 86 and 93 K. In polyisobutyl 
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methacrylate there are observed two transitions, one of which 
lies 20? higher than the transition in poly-sec-butyl methacrylate. 
The same difference was observed by Shen and coworkers (180) 
in dynamic mechanical investigations of the same polymers. 

The molecular motion associated with these relaxation phenom- 
ena is usually ascribed to the re-orientation of the side alkyl 
groups (179). In certain cases the mechanism of this motion is 
perhaps analogous to the movement of a crankshaft (162). We 
resort to a molecular mechanism of this kind in order to describe 
the process of y-relaxation in polyethylene. It quite possibly 
operates in polyalkyl methacrylates containing four or more 
methylene groups in the side chain. The investigation of poly- 
methyl methacrylate carried out by the nuclear magnetic resonance 
method (185) shows that the low-temperature relaxation in this 
polymer is associated with the movement of the ester methyl 
groups. 

Such an interpretation of low-molecular transitions is in good 
agreement with the results of dilatometric measurements. From 
Table 3.2 it can be seen that the variation in the thermal expan- 
sion coefficient, Aa, which characterizes to a certain degree the 
intensity of the unfreezing motion, increases with increasing 
length of the side chain. Thisis valid for at least the first members 
of the series, including poly-n-butyl methacrylate. In this case, 
the value of a approximately doubles during a temperature transi- 
tion, this being an indication that the molecular motion of the 
side chains, which becomes unfrozen upon transition, is independ- 
ent and evidently non-cooperative. When the side chains become 
sufficiently long, the molecular motion becomes more complicated 
and its mechanism less clear (as, for example, in the case of poly-n- 
octyl methacrylate). The slight change in the linear expansion 
coefficient near 7,, in poly-n-decyl methacrylate is probably 
due to the ordering in the arrangement of the side chains. In 
the series of butyl isomers the value of Ag has a tendency to 
decrease with increases in size of side groups, since for the very 
bulky alkyl groups a smaller volume is needed for the re-orienta- 
tional motion to be unfrozen. 

Polyvinylalkyl Esters. A number of polyvinylalkyl esters 
with side ester chains of varying length have been investigated 
using the dilatometric method (158) at temperatures ranging 
from 60 K to the relevant glass-transition temperatures. The 
results of measurements of the linear expansion coefficient were 
compared with the results of dynamic mechanical measurements 
carried out on a torsion pendulum and with the temperature 
dependence of dielectric losses. Apart from the glass-transition 
temperature, in each of the polymers studied there were also 
detected two low-temperature transitions at T < Tg. The first 
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TABLE 3.2. Transition Temperatures T«r and Values of & Below and Above Ttr 


i ee #4 ш =. i n 


Polymer Alkyl side group E EN 
ae | ае 
— === =F FS ELE 
Polymethyl methacrylate — CH, 83| 1.6 
Polyethyl methacrylate — CH,— CH; 110| 3.5 
Poly-n-propyl methacry- — CH, — CH; — CH, 84| 3.3 
late 
Poly-n-butyl | methaery-| -CH,—CH,—CH,—CH,| 97| 4.1 
late 
Poly-n-hexyl methacry- — (CH); — CH, 85| 3.5 
late 
Poly-n-octyl | methacry- —(CH,), — CH; 81| 4.1 
late* 107| 5.8 
Poly-n-decyl methacry- — (CH3)g — CH, 83| 3.6 
late 
Poly-sec-butyl methacry- — CH— CH, — CH; 88| 3.2 
late | 
CH, 
Polyisobutyl methacry- —CH,— CH — CH; 81| 3.3 
late* | 109] 4.7 
CH; 
Poly-tert-butyl metha- —C(— CH3); 82| 3.0 
crylate 


* Two temperature transitions. 





Aa: 105 


0:105 
(T TQ) 


3.3 |1.7 
6.0 |2.5 
6.2 [2.9 
7.3 |3.2 
6.5 |3.0 
5.8 |1.7 
7.8 12.0 
4.7 {1.1 
9.1 [1.9 
4.7 11.4 
6.3 11.6 
4.6 [1.6 


temperature transition 7,,(1), which is situated below T; 
obeys the same regularity as was observed for the glass-transi- 
tion temperature: the temperature 7',,(1) falls off with increasing 


length of the side chain (Table 3.3). 


TABLE 3.3. Temperature Transitions in Polyvinylalkyl Esters 








Polymer Ty K Tgg (1), K 
Polyvinylethyl ester 240 183 
Polyvinyl-n-butyl ester 217 168 
Polyvinylisobutyl ester 251 — 
Polyvinyl-n-hexylethyl ester 199 151 
Polyvinyl-n-octyl ester 193 163 


Polyvinyl-n-decyl ester 211 183 


a —— 





Tog (2), K 


95 
97 
105 
96 
103 
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This reguiarity is not obeyed by the last two polyesters pre- 
Sented in Table 3.3, since in these cases crystallization may occur 
with a greater length of the aliphatic side chain. 

The second temperature transition 7,, (2) takes place at 
about 100 K and is independent of the length of the side chain. 
Any similarity in behaviour at temperatures 7, and Tyg (1) 
possibly indicates that the temperature 7,, (1) is associated 
with the unfreezing of the motion of the main chains. It is interest- 
ing that the change in the linear expansion coefficient, Aa, at 
T gg (2) is larger than Aa at T,, (1). Perhaps this is an indication 
that the transition at T gg (2) is associated with the re-orientation 
of the side chains (158). 

The value of the product (B, — 85) T; calculated by Schell, 
Simha and Aklonis (158) decreases with increasing length of 
the side chain; this confirms the assumption that flexible side 
chains retain an extra free volume in the glassy state. 


CHAPTER 4 


ELECTRICAL PROPERTIES OF POLYMERS 
AT LOW TEMPERATURES 


4.1. BASIC CONCEPTS OF THE ELECTRICAL PROPERTIES 
OF POLYMERS 


The majority of polymers are typical dielectric materials. 
When they are placed in an electric field, an electric moment 
arises in them, i.e., electrical polarization takes place. 
The polarization of the unit volume of a dielectric, P, can be 
represented by the following sum: 

P = Por + Paet (4.1) 


where Por is the polarization due to the orientation of permanent 
dipoles; Paer is the polarization due to the deformation of the 
electron shells or to the displacement of atomic nuclei. 
The permanent dipoles are characterized by the magnitude 
of the dipole moment pọ: 
Po = gl (4.2) 


where q is the magnitude of the charge: / is the distance between 
the charges. 

In the absence of an electric field the permanent dipoles may 
be randomly distributed; the total dipole moment of such a 
system is zero. When an electric field is applied, there occurs 
a specific orientation of the dipoles and the orientation electric 


moment arises, characterized by the polarization vector Por. The 
role of permanent dipoles in polymers is played by polar groups. 
For instance, in the case of polyvinyl chloride the С—С] group 
is such a dipole. 

In non-polar dielectrics the electric moment is generated 
when an electric field is applied. Under the influence of an elec- 
tric field the electric charges in molecules (or in'parts of molecules) 
of the dielectric are displaced and induced electric dipoles ap- 
pear. The moment of an induced dipole, p,, is directly proportional 
to the strength E; of the applied electric field: 

p, = «Е, (4.3) 


where о is the polarizability of the molecule (or its part). 
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If the unit volume contains N induced dipoles, tben the po- 
larization vector for the unit volume is given by 


Pret = Np = Nak; (4.4) 


Here Paet is the deformation part of the polarization vector, 
due to the deformation of electron shells or to the displacement 
of atomic nuclei. 

The electrical properties of dielectrics are characterized by 
the electric moment arising when an electric field is applied. 
The deformation part of this moment appears very rapidly, in 
10- to 10-4 s. The time during which the orientation moment 
is set up depends to a considerable extent on the temperature, 
the shape of the molecules (or parts of molecules which have 
permanent dipole moments) and the forces of intermolecular 
interaction. 

The properties of dielectrics are usually characterized by the 
permittivity or dielectric constant e. If the dielectric is placed 
in a static electric field, its behaviour is described by the static 
dielectric constant eg. In the case of gases, according to Debye*, 

80 — 1 za 4 рё 

ae д (a+ xr) (9) 
where № is the number of molecules in the unit volume; о is the 
molecular polarizability; p, is the dipole moment of the molecule. 

The parameter о is defined by the Clausius-Mosotti equation: 








== 3 xNa (4.6) 


where & is the dielectric constant measured at such a high fre- 
quency (o — оо) that the contribution of the dipole orientation 
to the quantity & can be ignored. 

The most efficient theory of dielectric relaxation has been 
worked out by Debye for polar liquids. He has shown that the 
polarizability due to the orientation of molecules may be re- 
presented in the form 

Qo 
where «, is the static polarizability; v is the relaxation time. 

From the Debye theory it follows that the polarization of 
polar molecules in a liquid does not occur instantaneously and 
is determined by the relaxation time. For spherical molecules 
the dielectric relaxation time depends on the viscosity of the 


* Equations expressing the relationships between the quantities are 
given in a form corresponding to the CGSE system. 
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liquid m and its temperature T: 


_ алтаз 
Ec m (4.8) 





where a is the radius of the molecule; for the majority of polar 
liquids the relaxation time т is of the order of 10-1? to 10-1! s. 

Whereas the orientation of dipoles in liquids takes place com- 
paratively freely and rapidly, in solids the orientation of mole- 
cules (or parts of molecules) with permanent dipole moments 
occurs much more slowly and is accompanied by relaxation 
processes having various relaxation times. 


4.2. DIELECTRIC CONSTANTS OF SOLIDS 


Of great importance in a consideration of the electrical pro- 
perties of dielectrics is the calculation of the strength of the elec- 
tric field acting on an atom or molecule. The strength of such 
a local field is given by 


E,= E+ E P (4.9) 


where Е is the strength of the macroscopic average field; the quan- 
tity P characterizes the field arising from the polarization of 
all other atoms or molecules of the sample. 

A considerable role in a description of the electrical properties 
of solid dielectrics is played not only by the macroscopic electric 


field strength Ë inside the dielectric but also by the electrical 


induction (electric displacement) D. In anisotropic solids the 
electric displacement is a tensor. The relationship between the 


quantities D and E allows one to determine the dielectric con- 
stant of the solid. For an isotropic medium 


D —sE-—E-L-4nP (4.10) 
Hence the dielectric constant is equal to 
e = 1 + 4nP/E = 1 + 4ny (4.11) 
where y — P/E. In accordance with expressions (4.4) and (4.9), 
5 Кас 
VICE S AY (4.12) 
j=1 


where the subscript j specifies the type of atom or part of the 
molecule. 
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In the case of dielectrics which are subjected to the action of 
varying electric fields, the relationship between the electric 


displacement D and the electric field strength É can be represented 
in the following manner: 


D=e*E (4.13) 


The complex dielectric constant or relative permittivity e* 
is given by 


e* = &' — ig" (4.14) 


The рагі ғ’ of the complex dielectric constant &£* is called the 
real dielectric constant; it characterizes the most important 
electrical properties of dielectrics. The imaginary part e” charac- 
terizes the dissipation of the energy of electrical oscillations 
in a dielectric subjected to the action of an alternating electric 
field. In this case, there arises a phase lag between the electric 


> > 
displacement vector D and the electric field strength E, described 
by the dielectric loss tangent or dissipation factor: 


tan ô = e"/e' (4.15) 


The magnitude of the dielectric constant of polymers e' is de- 
termined by their chemical constitution, structure and composi- 
tion. The parameters that characterize the dielectric losses (e” 
and tan 6) depend on the specific features of molecular motion 
in polymers and, hence, on their chemical constitution and struc- 
ture. 


4.3. PHENOMENOLOGICAL RELAXATION THEORY 
OF THE DIELECTRIC PROPERTIES OF POLYMERS 


4.3.1. BASIC EQUATIONS 


Let us consider the relationship between the electric displace- 


ment D and the electric field strength in a polymeric dielectric. 
We shall make use of some concepts that have been developed 
for describing the processes of acoustic relaxation in polymers 
(70). Since the analogy between acoustic relaxation and dielectric 
relaxation is based on the detailed physical similarity of these 
processes, it is natural that these concepts be employed in the 
study of the dielectric properties of polymers. 

The electric displacement in an isotropic medium may be 
represented as the following sum: 
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where D is the electric displacement in the dielectric material, 
corresponding to a case where the frequency of electrical oscil- 
lations о — oo. 


The vector D. is defined as follows: 


„= tHE (4.17) 
where £% is the dielectric constant measured at frequency œ — oo. 


The vector D, is the “dissipation” part of the electric displace- 
ment: 


D,—&E (4.18) 
where e, is the dielectric constant of the dielectric. It must be 
a particular operator in a general form. 

Representing the electric displacement as the sum of two 
terms is probably justified since the electric moment of the di- 
electric, resulting from the application of an electric field, has 
two components, one of which (the deformation component) 
is established very rapidly (10-?? s). 

It should be remarked that expressions for the electric dis- 


placement D such as (4.17) are, strictly speaking, valid only 
for steady (time-independent) electric fields. If the electric field 


E applied to a dielectric varies periodically with time, the elec- 


tric displacement D at each point of the medium at a given mo- 
ment of time will depend not only on the electric voltage and 
the rate of its variation but also on the previous history of the 
material. If the period of variation of the electric field becomes 
commensurate with the time required for establishing a statistical 
equilibrium, then relaxation processes will play an active part 
in the medium. It is obvious that the transition to equilibrium 
can occur in such a way that the relaxation processes are super- 
imposed. Therefore, in a real polymeric dielectric placed in 
a sinusoidally varying electric field the electric displacement 
vector must take account of the past history of the material 
in some way. 

Thus, in order to describe the dielectric properties of poly- 
meric dielectrics, use must be made of certain non-equilibrium 


values of D, different from the steady-state values of Doi, which 
correspond to static (time-independent) electric fields. 


Assuming that the difference between D, and the steady- 
state value Dy, is not great, we can write the following relaxation 
equation: 


aD, í > >? 
-a ——(D,— Do) (4.19) 
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Equation (4.19) may be regarded as a corollary of the fundamental 
propositions of the thermodynamics of non-equilibrium (irrever- 


sible) processes. If the electric displacement D, is steady-state, 


then aD Jót = 0 and D; = D The parameter t is the dielectric 


relaxation time. 
In the case of periodic harmonic processes Eq. (4.19) becomes 


iotD, = —D, + Du (4.20) 


From this equation it follows that 


p Do 

D= aH (4.21) 
From a comparison of Eq. (4.21) with Eq. (4.18) it becomes 
evident that the dielectric constant e, can be given in a complex 
form: 

£01 

where £» is the quasi-static value of the dielectric constant 
(at œ — 0). 

Real polymeric dielectricsare commonly described by a spectrum 
of relaxation times rather than by a single relaxation time. There 
are several reasons for the appearance of a relaxation-time spectrum. 
They include unequal rates of relaxation processes in various 
portions of the material and the occurrence of different relaxation 
mechanisms. In the case of polymers, relaxation-time spectra 
probably appear as a result of the presence of long polymeric 
chains and the specificity of intermolecular interaction. 

With an arbitrary number of relaxation processes, expression 
(4.22) may be written in the form: 


cà — — (4.23) 


riot; 


Thus, taking cognizance of expressions (4.16), (4.17), (4.18), 
and (4.23), we get: 
— hid £0j — 
D= (e= + J do] E (4.24) 
35 
The expression enclosed in parentheses may be looked upon 
as an operator of the dielectric constant: 


eX fs eam 
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This operator can be presented in a different form: 


n 


& == Es + У) 3 
jai ttt GP 


(4.26) 


Comparing expressions (4.13), (4.14), (4.16), and (4.24) and 
separating the real and imaginary parts in expression (4.24), 
we arrive at the following formulas for ғ’ and е”: 


e X i тран (4.27) 
£9; T 
e” = =S Г (4.28) 
j=1 


These formulas indicate the presence of a discrete spectrum 
of dielectric relaxation times arising in a polymer under the 
influence of the applied varying field. In passing from the dis- 
crete to a continuous spectrum at n — oo, we obtain from ex- 
pressions (4.27) and (4.28): 


ИЕА ( а (4.29) 
0 


(4.30) 


oo 
е” = ( Н (т) o1 dx 
. 14o? 
0 


where Н (т) is the density of the dielectric relaxation time spec- 
trum. 

Let us consider a case where wt — oo. Then £’ = & and 
e” — 0. For polymers this condition corresponds either to very 
high frequencies (o — oo, т = const) or to very low temperatures 
(o = const, т — oo) Thus, from phenomenological relaxation 
theory it follows that at low temperatures the dielectric constant 
e’ and the corresponding losses determined by the parameter 
e” can be expected to decrease. 

In the other limiting case where wt — 0, which corresponds 
to low frequencies or high temperatures, the quantity в” increases, 
attaining the value 


e’ = Eo F ( H (л) dx (4.31) 
0 


and е” tends to zero. 
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4.3.2. DIELECTRIC PROPERTIES OF A SYSTEM 
WITH A SINGLE RELAXATION TIME 


The expressions for e’ and g” assume the simplest form in 
the case of a relaxation process characterized by a single relaxa- 
tion time. 1f in Eqs. (4.27) and (4.28) one of the values of 1; and 
one of the quantities гү, corresponding to this relaxation time are 
different from zero (т; == 0; £9; == 0), then &' and e" can be given by 





£' = £s Tren (4.32) 
е" = Da (4.33) 


It should be noted that formulas (4.32) and (4.33) coincide exact- 
ly with the corresponding Debye formulas (163, 186), though 
this is not obvious at first glance. 

Let us consider the dependence of =’ on the parameter өт, 
equal to 


ot = 2nt/T = 2nD (4.34) 


where т is the relaxation time; T is the time of variation of the 
electric field in the dielectric; D is the parameter first introduced 
by Reiner (187) and termed the Deborah number (D = xt, 
where £ is the time of observation). 

An analysis of equations that describe relaxation processes 
in polymers is preferably carried out by using the Deborah num- 
ber (or, what is the same thing, the parameter wt). Obviously, 
in dealing with periodic processes the vibration period is con- 
sidered instead of the time of observation. 

At D = 0 (ot = 0) 


TERRENT (4.35) 


At D — oo (өт — oo) 
e = £s 


Thus, when the value of wt changes from 0 to oo, the dielec- 
tric constant varies from & to £%, i. e., decreases. Substituting 
ғ; found from expression (4.35) into formulas (4.32) and (4.33), 
we obtain expressions for e&' and г” in a more usual canonical 
form: 


e= eo b or (4.36) 
e” = (€9— Eo) Tos (4.37) 
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It is not difficult to show that within the framework of the model 
under discussion the expression for the loss tangent has the form 


tan ô= 2 tan Ôm Prodi (4.38) 
where 
2 tan Ôp 50 9. à 
tan Òm Ven (4 39) 


The relaxation time t, differs from the relaxation time T in for- 
mulas (4.36) and (4.37): 


T, —T ze (4.40) 

£o 
It is easy to see that tan ó has a maximum (tan ôm) at wt, = 1, 
while e” passes through a maximum at wt = 1. Typical frequency 
dependences of =”, e", and tan ô calculated from formulas (4.36) 
through (4.38) on the assumption that e, = 10, вое = 5 and 
т = 10-* s are presented in 


Р 10 Еіс. 4.1. 
А The Debye equations (4.36), 
8 4 ag (4.37), and (4.38) for e’, e", and 
р tan 6 very closely resemble the 
às б 3 S corresponding expressions for 
Sonny? 043 the components of the complex 
; n2 elastic modulus (70, 163), the 
K 0 electric field strength Е being 
/ 2 3 4 GF B analogous to the mechanical 
logw stress o and the electric displace- 


-> 

FIG. 4.1. Frequency dependences ` ment D to the strain js In its 

of e'(1), е"(2) and tan 8 (3) calcu- turn, the complex dielectric con- 

lated from formulas (4.36) through stant is analogous to the comp- 
(4.38) on the assumption that lex compliance J*. 

& = 10, в = Zand + = 10^* sec. As a rule, dielectric relaxa- 

tions in polymers are associated 

with" the presence of a relaxation-time spectrum. Apart from 

formulas (4.29) and (4.30), other methods of describing the di- 

electric properties of polymers are also used (163, 188-193). 


4.3.3. TEMPERATURE DEPENDENCE OF DIELECTRIC PROPERTIES 


From the above expressions for e’, e", and tan 6 it can be 
seen that these parameters depend on the frequency and the 
relaxation time t. The temperature dependence of dielectric 
properties is determined by the character of the dependence 
of the relaxation time on temperature. If we assume that t de- 
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pends on temperature 7 in accordance with an expression of 
the type 


T= re eU/RT (4.41) 
(where t, is a constant quantity; U is the energy of activation; 


R is the universal gas constant), then Eqs. (4.36) and (4.37) 
may be written in the form: 


, T 7—62, 
g = 8% + qq orge URT (4.42) 
U/RT 
e" = (e — ep) 9 (4.43) 


where ej and eL are the corresponding dielectric constants at 
temperature T. 

The plot of в” against 1/T is often used for the analysis. It 
has been shown (163, 194) that if the difference g, — в does 
not depend on temperature, then the area under the curve of 
the function e" = f (1/T) depends only on the activation energy 
and the parameter в, — £« and does not depend explicitly on 
frequency: 


f ed (4-) = (e —s=) 28. (4.44) 
0 


For polar molecules, from the Onsager, Fröhlich, and Debye 
theories it follows that 


ву — 8 = AIT (4.45) 


where A is a constant. 

In this case, the dependence of e" on 1/T appears to be more 
complicated (163, 194). Apart from the area under the e" = f (1/7) 
curve, the magnitude of the activation energy of relaxation pro- 
cesses is also associated with the half-peak width of the curve. 
In fact, formula (4.37) can be rewritten in the form: 


в” == Qe”, ros: (4.46) 
If we introduce the notation e7,/s" = r, then от = r + V r? — 1. 
It can be shown (70, 163) that 


гу — 2:303R log (r+ y r£—1) 
i A F 1 
Ti Tm 


(4.47) 


where 7; is the temperature corresponding to £3; Tm is the tem- 
perature at which the maximum of e” occurs. 
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If we put г = 2, which corresponds to e” = 0.5 em, then 


2.63 
Ter in 
Тоз Tm 
where Ts is the temperature which corresponds to e" = 0.5 


Em on the e” = f (1/7) graph. 

If the relaxation process cannot be described by a model that 
presupposes the existence of a single relaxation time, then the 
relationship between the activation energy and the half-peak 
width on the e" = f (1/7) plot becomes more complicated (163). 


4.4. THE MECHANISM OF DIELECTRIC RELAXATION 


One of the first scientists to study the mechanism of dielectric 
relaxation in solids was Debye, who assumed that molecular 
dipoles placed in a constant electric field may align themselves, 
at a first approximation, in two directions: parallel or antipar- 
allel to the field. If no electric 
field is applied, both positions 
are equivalent and equal poten- 
tial energies correspond to them. 
If the potential energy of the 
dipole is represented as a func- 
tion of the angle of rotation, then 
it will be a curve with two equal 
minima separated by a maxi- 

ө — mum (the potential barrier), the 

height of which relative to the 

n us ne аео б minimum will determine the 
stipe as a function ofthe ange probability of the transition of 
absence of an electric field, the the dipole from one position to 
dashed line—with an applied elec- the other (rotation through 180°). 
tric field). When an electric field is ap- 

plied, the energies of the dipoles 

situated on each side of the potential barrier are changed. The 
dipoles parallel to the field have a lower potential energy (Fig. 
4.2); and dipoles antiparallel to the field will have a potential 
energy minimum lying somewhat higher. In such a case, the prob- 
abilities of a switchover from position 1 to position 2 and vice 
versa will not coincide. The dipoles will perform oscillations 
at frequency у, about their equilibrium positions and their 
transition from one position to another will be associated with 
the possibility of rotation. A detailed examination of the process 
of jumping over the potential barrier leads one to the conclusion 
that the dielectric relaxation time depends on temperature in 
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accordance with an equation of the type (4.41). These problems 
have been examined in detail by Fróhlich (189) and Hoffman 
(195) and treated by other authors (163, 188-195). We shall note 
only that in order to calculate the activation energies of the 
processes of dielectric relaxation, resort is occasionally made 
to the theory of absolute reaction rates (196, 197). In this case, 
instead of Tọ, use is made of the pre-exponential factor h/kT 
in Eq. (4.41), where h is Planck's constant. 





FIG. 4.3. The molecular mechanism of y-relaxation. The movement of ali- 
phatic carbon atoms (the crankshaft rotation): 
a—the Schatzki model; b—the Boyer model, 


Models that describe the rotation of dipoles associated with 
the jump over the potential barrier hindering rotation are widely 
used to depict dielectric relaxations occurring in polymers at 
low temperatures. The relaxation processes caused by the restrict- 
ed rotation of side groups are explained on the basis of concepts 
of this kind. 

Another possible mechanism of both dielectric and mechanical 
relaxation (y-relaxation) is the crankshaft rotation observed 
below the glass-transition temperature (Fig. 4.3). Schatzki (162) 
assumed that this mechanism leads to a relaxation process ob- 
served near —120°С in measurements at a frequency of 1 Hz 
in polymers containing a linear sequence of methylene groups 
(—CH;—),, where n > 4. This relaxation process, which has 
come to be known as the y-relaxation, is observed in polyethylene, 
aliphatic polyamides and polyesters, and some polymethacrylates 
containing linear methylene chains in side branches. The mech- 
anism of molecular motion proposed by Schatzki is shown in 


O* 
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Fig. 4.3. It consists of the simultaneous rotation of a segment 
of the polymeric chain about the bonds 1 and 7 in such a way 
that the carbon atoms contained in this chain unit move like a 
crankshaft. It is essential here that bonds 1 and 7 are collinear. 
The other parts of the chains or side groups may remain frozen, 
the motion taking place in only a relatively small volume. If 
all the valence angles and bond lengths are equal, then, accord- 
ing to Schatzki, four carbon atoms must be present between 
the collinear bonds. 

Boyer (198) conjectured that the chain unit that effects the 
hindered rotation associated with the transition from one con- 
formation to another contains only two carbon atoms (see 
Fig. 4.3). This structure of the kinetic unit responsible for the y- 
relaxation contains, however, an energetically less favourable 
cis-conformation about bond 3, and so seems less probable 
than the Schatzki model. The possibility of this kind of movement 
(crankshaft rotation) in polymers containing aliphatic linkages 
is also pointed out by Wunderlich (13), who maintains that 
collinear bonds may in this case be separated by three carbon 
atoms. There is a large body of experimental data confirming 
the molecular mechanism of y-relaxation based on crankshaft 
rotation. The presence in the polymeric chain of runs of three 
or more CH, units, each of which is linked to immobile groups, 
leads to the appearance of y-relaxation (70). 

The available experimental data indicate that this mechanism 
is possible only in amorphous polymers or in amorphous regions 
of crystalline polymers. This is because the crankshaft rotation 
can only occur about two collinear bonds. This condition is not 
fulfilled in crystalline regions, where the sequences of methylene 
groups form mainly trans-conformations. The activation energy 
of the y-relaxation process observed in amorphous regions ranges 
from 50 to 63 kJ/mole, which is in good agreement with the 
values predicted by Schatzki (54 kJ/mole). His value for activa- 
tion energy was obtained on the basis of the assumption that 
for the crankshaft rotation to be realized it is necessary that 
the potential barrier that exists in butane (U = 31 kJ/mole) 
and the potential barrier of the van der Waals type (U = 21- 
25 kJ/mole) calculated from the cohesive energy density be over- 
come. It is interesting that the predicted free volume required 
for this to occur is four times greater than the molar volume 
of the methylene group. This agrees well with estimates made 
on the basis of experimental investigations. 

Despite the fact that, according to Boyer (198), the crank- 
shaft rotation may prove to be the principal mechanism of a 
secondary (below 7,) relaxation in various polymers, no theory 
has been developed that could predict on the basis of this 
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mechanism the intensity or the peak width of the dielectric or me- 
chanical relaxation. 

Most theories of relaxation phenomena in polymers, including 
the one considered above, rest on the fundamental assumption 
of the possibility of the internal rotation of the individual ele- 
ments of macromolecules about certain chemical bonds. Proces- 
ses of this type are thermal-activation processes and involve 
the jump of atoms (or groups of atoms) over a potential-energy 
barrier from one equilibrium position to another. There are other 
quite different mechanisms which might enable one to explain 
dielectric relaxation processes in polymers. Such mechanisms 
have been examined by Yamafuji and Ishida (199), Gotlib and 
Salikhov (200) and others (201). One of these mechanisms in- 
volves repressing the oscillations of segments of the polymeric 
chain which occur near the equilibrium position. This relaxation 
mechanism is called the local mode. A mechanism of this kind 
was used by Hill (202) for calculating the dispersion of the dielec- 
tric constant in polar liquids. 

Saito et al. (201) considered the oscillations of a molecule 
surrounded by other molecules about the position corresponding 
to the local equilibrium conformation. The analysis rests on the 
assumption that the superposition of oscillations is a set of normal 
vibrations. The characteristic frequency of the nth normal vibra- 
tion is given by 

0, = V c,/m (4.49) 
where c, is the relevant force constant; m is the mass of the vibrat- 
ing unit. 

The expression for z, (the mean square of the amplitude) 
of the nth vibration has the form 








hon 
VE 2kT kT 
V (Tn)? = moi 7738. (4.50) 
e AT 4 


The characteristic frequencies and mean amplitudes have a 
rather wide distribution. Though the force constants for torsional 
vibrations are very small as compared with the force constants 
for other modes of vibration, torsional vibrations may be regard- 
ed as vibrational modes with the lowest frequency and the largest 
amplitude. It is evident that torsional vibrations of large am- 
plitude will be strongly damped in the glassy state, which is 
characterized by a very high viscosity. All this may lead to the 
occurrence of a relaxation process. Saito and his coworkers (201) 
carried out a detailed investigation of this relaxation process, 
introducing the friction Ё, into the Kramers-Chandrasekhar, 
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diffusion equation. The relaxation time for local oscillations 
is defined as 


Ty = Eiler 1o, (4.51) 


where c, is the force constant for torsional vibration А; œ, is 
the corresponding intrinsic frequency. 

From expression (4.51) it follows that at large £ the relaxation 
frequency ту! will be much lower than the characteristic frequen- 
cy of the original normal vibrations. The order of magnitude 
of the activation energy associated with the viscosity was estimat- 
ed on the assumption that the moving group is surrounded by 
vacancies, the volume of which is larger than a certain critical 
value. The critical volume is calculated on the basis of the po- 
tential of intermolecular interaction in the form of the Lennard- 
Jones potential. The calculated value of the activation energy 
for the local mode is about 42 kJ/mole. It has been shown (201) 
that for this relaxation process 
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во s = ЕАН, sl 3 ) (4.52) 
where n is the number of dipole units in the chain; g is the cor- 
relation factor; р, is the dipole moment of the repeat unit. 

Expressions for the difference g, — £% which are more exact 
and, hence, more complicated than formula (4.52) have been 
used to describe the processes of low-temperature relaxation 
caused by local vibrational modes in such polymers as polyvinyl 
chloride, polyethylene terephthalate and polyformaldehyde. 

The theory of local vibrations is employed in a number of cases 
to account for some subsidiary relaxation processes and predicts 
correctly the level of dispersion in dielectric relaxation. None- 
theless, this theory, like other theories, relates the relaxation 
time to a certain viscosity coefficient which is very difficult 
to determine. 

The problem of the effect, on dielectric properties, of such 
parameters as the degree of crystallinity (in crystalline poly- 
mers), the degree of cross-linking (in network polymers), the 
plasticizer concentration (in plasticized polymers) has been 
tackled by a number of investigators (70, 190, 191). 


4.5. METHODS OF STUDYING THE DIELECTRIC PROPERTIES 
OF POLYMERS 


Dielectric measurements in polymers usually cover a very 
wide range of frequencies, from 10-* to 3 x 101° Hz. The need 
for measurements over such a wide frequency range arises from 
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the very wide spectrum of dielectric relaxation processes taking 
place in polymers. It is natural that this wide frequency range 
cannot be covered by any one method. A salient feature of dielec- 
tric measurements in polymers is that in measurements of tan Ó 
at relatively high frequencies over a wide temperature range 
the relaxation maxima shift towards higher temperatures with 
increasing frequency and, being superimposed, reduce the resolv- 
ing power of the method. In measurements at high temperatures 
the interpretation of the results of dielectric measurements in 
polymers becomes very complicated because of the losses asso- 
ciated with electrical conduction. Various methods of measure- 
ment have been considered in detail in a number of monographs 
and review articles (163, 203, 204). The overwhelming majority 
of measurements of parameters that characterize the dielectric 
properties of polymers (e' and tan ó) are usually carried out 
over the frequency range 3 to 3 x 109 Hz. Bridge circuits are 
commonly employed for measurements at these frequencies. 
At higher frequencies use is made of resonance methods. 

The main difficulties arising in dielectric measurements in 
polymers at low temperatures are due to the fact that at T—-0 
the dielectric losses (tan 6) are sharply reduced in most poly- 
mers and attain a value of about 107? near the liquid-helium 
temperature in such polymers as polyethylene. Other difficulties 
that arise in low-temperature dielectric measurements in poly- 
mers are associated with the need to take account of the change 
in the thickness of the test sample, with the specific problems 
of designing special cryostats, and with the need for accurate 
thermostatting and temperature measurements. 

Most dielectric measurements in polymers in the cryogenic 
region are made with the aid of precision bridges which allow 
one to measure absolute values of tan ó of the order of 10-5 to 
10-6. Chant, who used a Schering precision bridge, points out 
(205) that since the sensitivity of the bridge is usually propor- 
tional to the frequency, at frequencies lower than 75 Hz errors 
in the measurements sharply increase. The most accurate meas- 
urements of dielectric losses in polymers at very low tempera- 
tures have probably been made by the calorimetric method (206- 
208), using the instrument designed in the Cavendish Laboratory 
(of Cambridge University) by Vincett (206). At a voltage of 1 kV 
with a capacitance of 200 pF Vincett succeeded in obtaining, at 
a frequency of 1 kHz, a resolution for the value of tan 6 equal 
to 2 X 10%, Detailed information concerning the instrument 
and the specificity of dielectric measurements at low tempera- 
tures is available in the literature (159, 205-210). 
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4.6. DIELECTRIC PROPERTIES OF POLYMERS 


The rapid development of modern engineering in recent years 
has stimulated interest in the investigation of the dielectric 
properties of polymers at low temperatures. The need to investi- 
gate these properties arose from work on the use of superconduction 
phenomena, the development of low-temperature power-trans- 
mission lines, superconducting magnets, low-temperature switch- 
ing devices, and cryogenic gyroscopes (205, 206, 211). A pow- 
erful impetus was given to such investigations by the prob- 
lems associated with the exploration of outer space (212) and 
the development of cryogenic engineering. The purpose of these 
investigations was to uncover the possibilities of exploiting poly- 
meric materials at low temperatures, the choice of the most 
suitable materials, and also to establish the fundamental regular- 
ities in behaviour that would enable one to determine the factors 
governing the properties of polymers at low temperatures. 

In spite of the fact that the dielectric properties of polymeric 
materials at high temperatures have been studied fairly well, 
no investigations have as yet been carried out in the low-tem- 
perature region at temperatures around — 150? C. With the ex- 
ception of some studies by Mathes (204, 211, 212), the dielectric 
properties of polymeric materials at low temperatures, down 
to the liquid-helium temperature, have hardly been studied 
at all until recently. 

Mathes measured the dielectric properties of a number of 
polymers at audio frequencies at temperatures down to 4.2 K. 
He has shown that typical polar polymers have a relaxation 
region near — 50°C; at lower temperatures the loss tangent 
decreases, as a rule, with fall of temperature and the dielectric 
constant remains unchanged. While studying polyvinyl fluoride, 
Mathes found that the loss tangent (tan 6) of this polymer at 
4.2 K is strongly dependent on frequency, and decreasing with 
increasing frequency. He came to the conclusion that this phe- 
nomenon is associated with residual ionic conduction. It can be 
shown theoretically (189) that the dielectric constant of polar 
solids must decrease at temperatures down to a certain critical 
temperature, and below that temperature the material must 
behave as a nonpolar dielectric. The experimental results; ob- 
tained by Mathes indicate that this theory requires thorough ex- 
perimental verification. 

Chant (205), Allan and Kuffel (209) have carried out a thorough 
study of the dielectric properties of a number of thermoplasts 
at temperatures down to 4.2 K. A detailed investigation of the 
dielectric properties of polyethylene at very low temperatures 
has been undertaken by Vincett (206), Phillips (207), and Carson 
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(208) in the Cavendish Laboratory, and also Heybey and Müller 
(210). We shall undertake a more detailed consideration of the 
dielectric properties of some polymers at low temperatures. 

Polyethylene. The dielectric properties of polyethylene at 
low temperatures have been thoroughly investigated. Mathes 
(211) has shown that two maxima appear in the temperature 
dependence of tan 6 for this polymer, as measured at a frequency 
of 1 kHz. One of the peaks of tan 6 lies at 70? C and the other 
near —100°C (Fig. 4.4). The measurements were made only 
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FIG. 4.4. Temperature релше of the loss tangent for linear high-density 
polyethylene at v = 1 kHz. 


down to —130°C, since below this temperature values of tan Ó 
below 1 X 10-* were obtained, at which level large errors become 
evident. To avoid these difficulties, Hara (213) studied low- 
density polyethylene that had been subjected to the ultraviolet 
radiation in the air for 48 hours at 50?C. The dielectric loss 
in the polyethylene resulting from the irradiation increases by 
almost two orders of magnitude, which makes it possible (213) 
to study this polymer at temperatures ranging from 130°C to 
the liquid-helium temperature (4.2 K). The low-temperature 
loss peak (213) measured at a frequency of 300 Hz was found to 
be situated at —130°C. This y-relaxation maximum was distinct- 
ly relaxational in nature and shifted towards higher temperatures 
with increasing frequency. 

Using the theory of absolute reaction rates, Hara (213) cal- 
culated the activation energy of this relaxation process, find- 
ing it to be equal to 42 kJ/mole. It is supposed that this low- 
temperature peak is due to local vibrations (214, 215). Chant 
(205) measured the loss tangent in commercial samples of poly- 
ethylene at a frequency of 75 Hz and observed a single sharply 
pronounced maximum at 150 K. The value of tan Ó measured 
in polyethylene at 4.2 K was found to be equal to 2.5 X 10-5. 
Chant has shown that the dielectric constant of polyethylene 
measured at the same frequency depends very little on tempera- 
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ture between 4.2 and 300 K, decreasing only slightly with in- 
creasing temperature. 

A detailed study of the dielectric properties of polyethylene 
at low temperatures has been carried out by Allan and Kuffel 
(209). They have demonstrated that the dielectric loss tangent 
of polyethylene is dependent to a considerable degree on tempera- 
ture and frequency (Fig. 4.5). Attempts have been made to ac- 
count for such clear-cut dielectric relaxation processes in a non- 
polar polymer such as polyethylene in terms of the heterogeneity 





FIG. 4.5. Temperature dependence of the dielectric loss tangent tan ô (Z, 2) 
and the dielectric constant(3) of polyethylene at the following frequencies: 


I-ei kHz; 2—5 kHz; 3—2,34 kHz, 


of the material, the presence of carbonyl groups formed through 
the oxidation of polyethylene in the preparation of the samples, 
and also by the slight difference in polarity of the C—H bonds 
at the primary, secondary and tertiary carbon atoms. The most 
intriguing result obtained by Allan and Kuffel (209) is that 
below 90 K the loss tangent of polyethylene is independent 
of temperature, though slightly dependent on frequency. Since 
the loss value at these temperatures was very low (2 x 1079), 
the authors did not exclude the possibility that the frequency 
dependence of tan ó observed by them near the temperature 
of liquid helium could have been due to the frequency dependence 
of the measuring circuit. 

The decrease in the dielectric constant se’ of polyethylene with 
a rise in temperature (see Fig. 4.5) could possibly be associated 
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with the fact that the value of e’ was calculated over the entire 
temperature range using the thickness of the sample measured 
at room temperature and that changes in the thickness with changes 
in temperature were disregarded. Another factor responsible 
for the dependence of ғ’ on temperature may be the change 
of the density of polyethylene with the change of the temperature 
from 300 to 4.2 K. 

A further study of the dielectric properties below 4.2 K was 
completed by Vincett (206), who succeeded in improving the 
accuracy of measurements two 
or three times using the calori- 
metric method. While investi- 
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gating high-density polyethy- E 
lene, he detected a maximum © 
оп the frequency curve of tan S 3 


6 at some fixed temperatures 
(Fig. 4.6). The frequency om 
corresponding to the peak of tan 
6 shifted to higher frequencies FIG. 4.6. Frequency dependence 
with increasing temperature. For of the loss tangent for polyethyl- 
example, whereas at 7 — 1.35 K ene at a temperature of 2 K(206). 
the value of v, was equal to 

1.8 kHz, at 7 = 2 K the frequency v, was 1.9 kHz, and 
at T — 4.2 K its value was 4 kHz. 

At 4.2 K the frequency dependence of tan ó is well described 
by the Debye equation for a single relaxation time (4.38). 

If the relaxation time were dependent on temperature in ac- 
cordance with Eq. (4.41) (i.e., according to the Arrhenius equa- 
tion), one could expect log w,, to be proportional to 1/7. From 
the examples cited above, however, it follows that the experi- 
mentally determined values of о, are proportional to temperature 
T. It has been found (206) that at low temperatures and certain 
frequencies the loss tangent of polyethylene increases as the voltage 
applied to the measuring cell is increased. For instance, in measure- 
ments made at 2 kHz with the voltage being changed from 230 
to 340 V the value of tan ó increases by 6 per cent at 2 K and by 
10 per cent at 9.35 K, while at 4.2 K the effect is 1.5 per cent. 
In measurements at a higher frequency (10 kHz) the effect mani- 
fests itself when use is made of a higher measuring voltage (500 V). 
Vincett attempted to find an analogous phenomenon in other 
polymers, but reported that, considering the possible ex- 
perimental error, all the polymers studied, with the exception 
of polyethylene, could not be said to exhibit this phenomenon. 
Since instrumental error in such a case is hardly probable, it 
is possible that Vincett was dealing with the phenomenon of 
dielectric saturation. If this is so, the induced dipoles must 
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have an energy of the order of ЁТ, which can vary substantially 
depending on the field strength. 

The low-temperature dielectric loss peak detected by Vincett. 
can hardly be interpreted from the viewpoint of thermal activa- 
tion leading to the transition through the potential barrier. 
In this case, the height of the potential barrier would have been 
too low and the value of the pre-exponential factor in Eq. (4.41) 
would have been equal to tg = 1/у = 1/5 zz 2 x 10-4 (kHz)-1. 
Besides, the height of all the barriers. must have been the same. 
Thus, the low-temperature relaxation process in polyethylene 





10 10? 03 19% 10° 
3, KHz 


FIG. 4.7. Frequency dependence of the loss tangent for polyethylene (207) 
at temperatures: 


1—1.73 K; 2—2,06 K; 3—4.2 K. 


can hardly be described within the framework of classical relaxa- 
tion concepts. The tunnelling mechanism associated with phonon 
effects seems to be more probable, just as is the case with quartz 
(216, 217). For such processes the frequency ©m may be proportion- 
al to T. 

The interpretation of this low-frequency dielectric loss peak 
in terms of quantum-mechanical concepts has been confirmed 
in the work by Phillips (207), who measured tan 6 in polyethylene 
over a frequency range of 10-10% Hz at temperatures from 1 to 
4.2 K. Phillips also observed a peak in the frequency dependence 
of tan 6, whose maximum at 7 — 4.2 K corresponds to the fre- 
quency 4.3 kHz. It was found, however, that the form of the 
tan ô = f (o) curve differs from that predicted by the Debye 
theory based on the concept of a single relaxation time. The typical 
frequency dependences obtained by Phillips (207)are given in 
Fig. 4.7. At first sight it might seem that this relaxation process. 
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is a thermal activation, since with rise of temperature the loss 
peak shifts towards higher frequencies. But in practice this is 
not so. The most distinctive feature of thermal-activation pro- 
cesses is the linear dependence of log o, on the inverse tempera- 
ture, 1/7. It has been established (207) that this dependence 
does not hold true for the low-frequency relaxation process ob- 
served in polyethylene near the liquid-helium temperature (Fig. 
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quency Ym corresponding to the loss of Vm for polyethylene. 


tangent maximum for polyethylene 
against inverse temperature. 


4.8). Below З K the frequency c, is directly proportional to 
temperature (Fig. 4.9). Between 4 and 10 K the temperature 
dependence of v is given by the expression 


[#4 
T = ———əcsrs  ——— 
1--(Т/Те)Ё 


where a, В, and 7, are constants. 

A relation of the type (4.53) is an intermediate one, between 
a linear and an exponential relationship. It turns out that when 
the voltage of the constant electric field applied perpendicular 
to the thickness of the sample is increased to 1 kV and the mea- 
suring voltage is relatively low, the loss maximum is reduced. 

Thus, the experimental data obtained by Phillips (207) can- 
not be accounted for within the framework of a relaxation theory 
of the thermal-activation type either. They can, however, be 
explained in terms of quantum-mechanical concepts. It has 
been suggested (207) that a relatively simple model can be used 
for the purpose. [t has been proposed that a charged particle 
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be treated as being in a potential well which has two potential 
energy minima separated by a barrier V,; the energy difference 
between two such minima is 2A. This model can be used to de- 
scribe the rotation of an asymmetric group between two equilibrium 
positions. Using the corresponding wave functions, Phillips 
derived expressions for the area under the peak of the ғ” = f (c) 
curve and the relaxation time. In this model it is assumed that 
the transition of the particle from one potential energy minimum 
to another is accompanied by the emission or absorption of a 
phonon of energy 2e. 

At very low temperatures, according to this model, relaxa- 
tion is due to spontaneous transitions and the relaxation time 
is independent of temperature. At somewhat higher temperatures, 
when e/kT <1, the relaxation time v is found to be inversely 
proportional to temperature (о. c T). It is the latter case that 
corresponds to the conditions of the experiment conducted by 
Phillips (207). He shows that the charged particle is a proton 
and that the low-temperature loss peak is probably associated 
with the rotation of the hydroxyl groups in the crystalline regions 
of the polymer. À small number of such groups linked to the car- 
bon atoms in the main chain may exist in polyethylene (207). 

The dielectric properties of polyethylene at low temperatures 
were further studied by Carson (208). Using the same experimen- 
tal technique as employed by Vincett and Phillips (206, 207), 
he extended the frequency range to 100 MHz. While attempting 
to verify the assumption made by Phillips that quantum tunnel- 
ling is the mechanism of low-temperature dielectric relaxations 
in polyethylene, Carson investigated deuterated as well as ordi- 
nary polyethylene. If tunnelling doesreally take place in polyethy- 
lene, then the parameters of this process must depend on the mass 
of the tunnelling particle. One would therefore expect the replace- 
ment of the hydrogen atoms by deuterium atoms to shift the low- 
temperature relaxation peak observed on the tan ô = f (о) 
plot at 4 kHz in the direction of lower frequencies. 

Apart from ordinary polyethylene, Carson investigated sam- 
ples subjected to swelling in the vapours of H,Ofand D,O. For 
the polyethylene samples oxidized at 150?C for 8 hours, there 
was detected on the tan 6 = f (œ) plot another relaxation peak 
at 4 HMz, which was more intense and broader than that ob- 
served at 4 kHz. In deuterated and hydrated samples the low- 
frequency loss peak (at 4 kHz) completely disappears. After 
deuteration the peak at 4 MHz is sharply reduced but a new loss 
maximum appears at 30 kHz (Fig. 4.10). Subsequent treatment 
of polyethylene in vapours of H,O completely eliminates the 
loss peak at 30 kHz and restores the intense maximum at 4 MHz. 
By subjecting the hydrated and deuterated samples to prolonged 
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drying in a vacuum, Carson tried to move to its previous position 
the loss peak that was observed at 4 kHz in the original sample. 
However, even drying in a vacuum at 80?C for 1.5 months failed 
to return the loss peak to the previous place. 

The experimental data obtained by Carson (208) support 
the validity of the quantum model proposed by Phillips (207). 
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FIG. 4.10. Frequency dependence of the loss tangent for high-density poly- 
ethylene subjected to oxidation for 8 hours: 


i—after deuteration for 48 hours; 2—immediately after oxidation; 3—after hydration 
for 48 hours. The dashed lines are theoretical curves drawn on the basis of a model with 
a single relaxation time, 


Within the scope of this model the expression for the relaxation 
time can be given in the following form (208): 


= tanh (—7-) (4.54) 


where e? = A? + A‘; the parameter 2A, characterizes the split- 
ting of the principal energy level into a potential well with two 
symmetric minima (Fig. 4.11); 2A is the additional asymmetry 
of two potential wells. 

Since the tunnelling process is strongly dependent on the 
mass of the tunnelling particle, the deuteration must affect the 
mass-dependent parameter Ag. Since for most experiments e < kT, 
expression (4.54) simplifies to 


т = (AsT)-1 (4.55) 
with the proportionality factor being independent of the mass. 
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In order to calculate A, let us consider the movement of the 

particle described by a potential of the following type (218): 
1 z 

у= Vo [1— cos (==)] (4.56) 

which takes account of the translational as well as the rotational 

motion of the particle. Substituting expression (4.56) into 

the Schródinger equation and transforming it to the Mathieu 


Energy 





FIG. 4.11. Diagram of a potential well with two symmetric minima; 2A, 
is the splitting of the ground energy level (208). 


equation, which can be solved numerically, we obtain the fol- 
lowing expression for A, (208): 


hy —A (A) ^ ges (4.57) 


where E? = 2V,mil?/h?; ү and A are the fitting parameters. 

Using expressions (4.55) and (4.57) in order to explain the 
low-frequency loss peak in polyethylene, one can show that the 
two-fold increase in mass, as is the case with deuteration, leads 
to а change in the relaxation frequency v, by four orders of magni- 
tude (from 1.3 x 10* to 2 Hz). Thus, the quantum-mechanical 
model predicts that, as a result of the deuteration of polyethylene, 
the low-frequency loss peak observed by Phillips and Carson 
(207, 208) must shift to very low frequencies which lie beyond 
the capacity of the experimental technique used by these authors. 

Crude estimates show (208) that as a result of deuteration the 
relaxation frequency of the loss peak, which lies in the megahertz 
region, must decrease by a factor of 150 + 20. This shift is an 
indication that the appearance of the loss peak on the tan ó — 
= f (o) graph at 30 kHz is probably not accidental. 

Calculations (208) based on the use of expression (4.57) and 
the parameters in it have shown that the dielectric relaxation 
in polyethylene may be caused by the rotations of the proton 
by 180? in a dipole 0.11 nm long. 
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This interpretation of the low-frequency loss peak in poly- 
ethylene at low temperatures is not the only one. Heybey and 
Müller (210), who measured dielectric losses in polyethylene 
at temperatures ranging from 1.15 K to room temperature at 
frequencies from 10 Hz to several kHz, maintain that the low- 
frequency tan ó peak in polyethylene is thermal-activational 
in nature. The activation enthalpy of this relaxation process, 
as calculated by these authors, is 0.02 kJ/mole, which is 10? 
times less than the corresponding values for relaxation processes 
of the thermal-activation type. This result probably disproves 
the authors' conclusion. Nevertheless, Heybey and Müller have 
discovered a number of important experimental facts associated 
with dielectric relaxation in polyethylene near 4.2 K. They 
observed that the low-temperature (low-frequency) loss peak 
is found only in deformed, extended samples. The magnitude 
of the peak increases with increasing degree of crystallinity and 
extension ratio. It has been found that some stretched samples 
exhibit a plateau on the tan ó = f (T) curve at low temperatures. 
The value of tan 6 at low temperatures greatly depends on 
the thermomechanical history of the samples under investiga- 
tion and may vary from 107% to 10-*. It is interesting that the 
dielectric losses for polyethylene samples that were melted and 
then cooled or quenched prove to be small. 

Thus, even for the most thoroughly studied polymer, poly- 
ethylene, the nature of dielectric relaxation at T — 0 K has 
not yet been fully clarified. 

Polytetrafluoroethylene. Like polyethylene, polytetrafluoro- 
ethylene is a nonpolar polymer with a very low level of dielectric 
losses. Among the first scientists to measure the dielectric 
losses in this polymer near the liquid-helium temperature was 
Mathes (212). He obtained a rather low value of tan 6 at 4.2 K 
(2 x 1055) (v = 1 kHz), while at 23°C, according to his data, 
tan ô = 3 x 10%. 

The most detailed investigation of the dielectric properties 
of polytetrafluoroethylene over the temperature range 4.2-300 K 
has been carried out by Chant (205). The results of these measure- 
ments at a frequency of 75 Hz are presented in Fig. 4.12. Poly- 
tetrafluoroethylene is the polymer with the lowest dielectric 
constant (e' zz 2.1), which decreases very slightly (by a factor 
of 0.05) as the temperature changes from 4.2 to 300 K. On the 
tan 6 = f (T) plot for polytetrafluoroethylene there is observed an 
intense dielectric loss maximum at 178 K (v — 75 Hz). The avail- 
Able experimental evidence is insufficient for the elucidation of 
the nature of this relaxation peak. It may be due to the unfreezing 
of the segmental motion in the amorphous regions or the y-relaxa- 
tion process or to the superposition of both these phenomena. 
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While studying the frequency dependence of tan Ó in Teflon 
at T — 4.2 K, Chant detected a weak loss maximum at 180 Hz. 
This observation, however, was not confirmed by the subsequent 
and probably more accurate measurements carried out by Vin- 
cett (206). The value of tan ë for Teflon at 4.2 K over the frequency 
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range 50 Hz to 10 kHz remains practically constant at 1.2 х 1079 
(Fig. 4.13). These values are less than the values of tan 8 cited 
by Mathes and Chant by a factor of 10. Nonetheless, Hartwig 
and Grissom (219) found that at a frequency of 132 MHz the value 
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FIG. 4.13. Frequency dependence of the loss tangent for polytetrafluoroeth- 
ylene at 4.2 K. 


of tan 6 is 1.2 x 1079, the value of.tan ô obtained by Siegel 
and coworkers (220) at 11 MHz being 9 x 1079. Such a range 
of values could be accounted for by the fact that the samples 
of polytetrafluoroethylene used by the different authors had 
different past histories, including different densities and degrees 
of crystallinity. No information on these characteristics was 
given by the authors. 
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Polypropylene. This polymer, like the two polymers considered 
above, is nonpolar. The dielectric constant of polypropylene 
is somewhat higher than the dielectric constants of Teflon and 
polyethylene, but, as with these polymers, it depends very little 
on temperature (205), hardly changing within the temperature 
range 4.2-300 K (Fig. 4.14). At 116 K in polypropylene there 
appears an appreciable loss maximum (v = 75 Hz). From Chant's 
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experimenta] data it follows that below this temperature there 
exists another loss maximum which is superposed by an intense 
and broad peak found at 116 K. At the liquid-helium temperature 
and a frequency of 75 Hz the value of tan 6 for polypropylene 
is equal to 2 x 10-5 (205). The measurements made by Vincett 
(206) at the same temperature are not consistent with this result. 
The value of tan 6 in polypropylene at 4.2 K over the frequency 
range 50 Hz to 20 kHz is practically independent of frequency 
at 3.5 х 10-9. The same picture is observed at 2 К and 1.4 K. 
The value of tan ô obtained by Vincett agrees well with the results 
obtained by McCammon and his coworkers (221). The figure 
cited by these authors is 6 x 10795 at 1 kHz and 4.2 K. 
Dielectric measurements in polypropylene subjected to ultra- 
violet irradiation have shown (213) that no loss peaks are present 
in the case of annealed, well crystallized isotactic polypropylene 
over the temperature range 4.2-293 K. Nevertheless, in a quenched 
sample a weak maximum at 163 K (v — 3 kHz) is observed. 
It is believed that this maximum is due to the phenomenon 
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of y-relaxation. The intensity of this relaxation peak sharply 
increases with a decreasing degree of crystallinity, which points 
to its relationship to molecular mobility in the amorphous region. 
The activation energy of the relaxation process responsible for 
ihe appearance of this peak is 25 kJ/mole, which is considerably 
lower than the ordinary values characterizing *y-relaxation. 
At the same time, this activation energy corresponds to the 
process resulting from the unfreezing of the rotation of the methyl 
groups. The position of the low-temperature dielectric loss peak 
(116 K at a frequency of 75 Hz and 163 K at 3 kHz) agrees well 
with the temperatures at which, according to NMR data (235), 
the rotation of the methyl groups in polypropylene becomes 
free. The possibility cannot be excluded that it is precisely this 
rotation of the methyl groups that is responsible for the dielectric 
loss peak, though the dipolar orientation of the methyl groups 
does not manifest itself on the temperature dependence of the 
dielectric loss tangent. 

Polyamides. Polyamides are polar crystalline polymers. The 
low-temperature properties of two representatives of the polyamide 
class have been thoroughly studied: Nylon 6,6 (205) and Nylon 
11 (209). 

Polyhexamethyleneadipamide (Nylon 6,6) has the following 
chemical structure: 


O O 
Pa А: 

The results of measurements of the dielectric constant #' and 
the dielectric loss tangent, tan 6, in this polymer (205) are given 
in Fig. 4.15. The character of the temperature dependence of 
the dielectric constant of this polymer differs from the ғ’ = f (T) 
graph for nonpolar crystalline polymers (polyethylene, poly- 
tetrafluoroethylene, polypropylene). Three regions can be dis- 
tinguished on the #' = f (T) plot for Nylon 6,6. Between 4.2 K 
and 30-40 К the value of ғ’ is 2.9 and is independent of tempera- 
ture. Between 40 K and 150 K the dielectric constant ғ’ increases 
only slightly with increase in temperature. Above 150 K the 
dielectric constant becomes more strongly dependent on tempera- 
ture; the value of e' at 7 — 300 K reaches 4.1. Thus, as the 
temperature changes from 4.2 to 300 K the dielectric constant 
of Nylon 6,6 increases by the amount Ae’ = 1.2. With the same 
temperature change the dielectric constant of polyethylene de- 
creases from 2.27 to 2.20,i.e., by Ae’ = — 0.07. 

The temperature dependence of tan ô (у = 75 Hz) for Nylon 
6,6 has two maxima (at 160 K and 240 K) with the overall in- 
crease in the level of dielectric loss. The loss peak at 160 K is 
due to v-relaxation and associated with the mobility of the 
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chain units containing four or more CH, groups. The loss maximum 
observed at 240 K is due to the D-relaxation caused by the unfreez- 
ing of the motion of the chain units that, in addition to methylene 
groups, also contain amide groups which are not linked via hydro- 
gen bonds to the amide groups of the neighbouring chains. The 
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FIG. 4.15. Temperature dependence of tan б (7) and =’ (2) for Nylon 6,6 
at v= 75 Hz. 


B-relaxation in polyamides may be complicated and involve 
the mobility of complexes of the water-amide type, which are 
interlinked through hydrogen bridges. It is interesting that at 
low temperatures (from 30 to 4.2 K) the loss tangent of Nylon 
6,6 is almost independent of temperature and assumes a value 
of about 1.2 x 10-*, which is too low for a polar polymer. As 
the temperature changes from 4.2 to 300 K the loss tangent in- 
creases about 100 times. An essential point is that a low-tempera- 
ture plateau appears on the e’ = f (T) and tan 6 = f (T) graphs 
in about the same temperature range. 
Nylon 11 has the following chemical structure: 


] 
| —NH— (CH,)yy—C— | 
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Since the repeat unit of this polymer contains less polar groups 
than that of Nylon 6,6 and also because of the longer aliphatic 
linkages, Nylon 11 is a less polar polymer than Nylon 6,6. These 
factors affect its dielectric properties (209) at low temperatures 
(Fig. 4.16). The static dielectric constant of this polymer over 
a relatively wide temperature range (from 4.2 to 150 K) does 
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FIG. 4.16. fo terse of tan 6 (7—47 Hz; 2—2.34 Hz) and 
' (1' —47 Hz; 2'—2.34 Hz) for Nylon 11. 


not depend on temperature and is close in its value (2.4) to the 
в’ value for polyethylene. Below 30 K the loss tangent is also 
independent of temperature and frequency. 

Two relaxation regions are observed in the temperature de- 
pendence of tan 6 in Nylon 11 (209). The low-temperature ds 
maximum, which lies at 160 K in measurements at 47 Hz, 
due to y-relaxation. The activation energy corresponding to 
this relaxation process is about 30.1 kJ/mole. The second re- 
laxation region, with a centre at 225 K, is to a considerable 
extent masked by a strong increase in dielectric losses associated 
with the main relaxation region (the unfreezing of the segmental 
motion in the amorphous regions), the centre of which is located 
above 300 K. In measurements carried out at 47 Hz the value 
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of tan 6,, for the low-temperature peak (7, = 160 K) is 4 X 
X 10-3, while for the higher-temperature peak (Tm = 225 К) 
it is 3 х 107?. These values of tan ô are in good agreement with 
the corresponding increase in the static dielectric constant as 
the temperature rises. A characteristic feature of the temperature 
dependence of tan ó for Nylon 11 is that below 80 К the depen- 
dence on frequency becomes very weak, while below 30 K the value 
of tan б ~3 X 1075 and is independent of either frequency 
or temperature. It is interesting that in the region of the low: 
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FIG. 4.17. Temperature dependence of the loss tangent for polymethyl 
methacrylate at v — 60 kHz. 


temperature plateau the dielectric losses in Nylon 11 are very 
close to the corresponding values in polyethylene. 

Hence, both polyamides display a very important regularity: 
as the temperature falls (at T — 4.2 K) the dielectric losses 
and the dielectric constant are sharply lowered. For both poly- 
amides there is observed a low-temperature plateau near 4.2 K, 
where =’ and tan б do not depend on temperature and frequen- 
ey. The existence of this low-temperature plateau implies that 
with decrease in temperature the conditions are established 
(at the temperature corresponding to the high-temperature end 
of the plateau) in which all the dielectric relaxations in a polar 
linear crystalline polymer appear to be frozen, and in the region 
of the low-temperature plateau a polar polymer exhibits the 
properties of a non-polar polymer. This is especially distinctly 
pronounced in Nylon 11, whose dielectric properties in the low- 
temperature plateau region do not practically differ from those 
of polyethylene. 

Polymethy! Methacrylate. Polymethyl methacrylate is a typ- 
ical polar amorphous polymer. Investigations of dielectric 
losses in this polymer (Fig. 4.17) at a frequency of 60 kHz show 
that (213) below room temperature no loss maxima are present. 
From room temperature to — 50° C the dielectric losses decrease 
monotonically with fall in temperature. Further, down to — 200? C 
the loss tangent in polymethyl methacrylate is practically inde- 
pendent of temperature. Below — 200 ?C the dielectric losses 
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increase with further decrease in temperature. The cause of the 
increase of tan 6 is not quite clear since the only possible explana- 
tion of this effect involves assuming the possibility of re-orienta- 
tional motion of the methyl groups. Relaxation processes due 
to the mobility of the methyl groups cannot usually be recorded 
by dielectric spectroscopy methods. 

Polystyrene. The dielectric properties of this weakly polar 
polymer have been studied particularly thoroughly (205, 223- 
226). The results of measurements of the real and imaginary 
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parts, s’ and =”, of the complex dielectric constant e* at a frequen- 
cy of 1 kHz in amorphous atactic polystyrene (225) are given 
in Fig. 4.18. In the case of polystyrene there is observed a broad 
dielectric loss peak at 46 K with the value of е, being 1.34 X 
X 10-4. The activation energy of this relaxation peak is U = 
= 13.8 kJ/mole. Besides, between 130 and 170 K there is another, 
very weak maximum of e”. The increase in £g" above 300 К is 
attributed to the nearness of the main relaxation maximum, 
which corresponds to the transition from the glassy to the rubbery 
(high-elastic) state. 

The dielectric constant of polystyrene over the temperature 
range 4.2-70 K is 2.52 and is independent of temperature. Be- 
tween 70 and 300 K the value of &' decreases slightly. On the whole 
the dielectric constant g” of polystyrene varies in the same manner 
as the dielectric constant of nonpolar polymers such as poly- 
ethylene and polytetrafluoroethylene. 

Of primary interest is the temperature dependence of the 
dielectric loss. The maxima observed on the curve are not artifacts 
and are not associated with the presence of impurities, since 
the polystyrene used by a number of workers was thoroughly 
purified and analysed. The low-temperature relaxations in poly- 
styrene, which are observed by means of dynamic mechanical 
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methods (70, 163) or the NMR method (185), are usually ascribed 
to the torsional vibrations or the rotation of the phenyl groups 
attached to the main chain as side groups. 

McCammon, Saba and Work (225) maintain that this motion 
of the phenyl groups cannot lead to a dielectric relaxation if 
the dipole moment vector of the groups is situated along the 
axis of rotation. The authors propose another explanation of 
the low-temperature relaxation processes in polymers contain- 
ing phenyl groups. Since the phenomena under consideration 
occur in the glassy state, it can be assumed that each individual 
molecule is largely in a single, fixed conformation and that only 
elastic distortions of the polymeric network are possible. The 
kinetic unit responsible for the low-temperature relaxation in 
polystyrene is believed to be the phenyl group. It is presumed 
that there corresponds to each phenyl group an internal hole 
which is connected both with the molecule to which the phenyl 
group is attached and with the other neighbouring molecules. 
Consideration of the molar volume of polystyrene confirms that. 
the existence of such holes is possible and that their average 
size only slightly exceeds the dimensions of the kinetic units. 
Hence, a slight displacement of the phenyl groups is associated 
with the cooperative motion of only those carbon atoms in 
the main chain to which the side groups are attached. One can 
also suppose that the holes are distributed according to their 
size and shape, as a result of which the side groups can undergo 
various motions. 

The motion of the phenyl group can be described with the aid 
of a local system of coordinates. If such a coordinate system is 
located so that its origin coincides with the position of the main- 
chain carbon atom to which a side group is attached, then the 
orientation of this group relative to the bond that links the side 
group to the main chain can be determined with the aid of the 
polar angle Ө; and the azimuthal angle Ф,. Apart from the angles 
Ө; and Ф;, we can also introduce the angle of rotation o; of the 
side group about the axis connecting it with the main chain. 
This axis is called here the o axis. 

The motion of each side group is governed by the potential 
energy, which is a function of the local coordinates. This energy 
depends on the presence or absence of atoms that form the walls 
of the hole and the structure of the molecule carrying a side group. 
The potential function of each side group has two or more minima 
separated by low potential barriers and makes a certain contri- 
bution to the relaxation spectrum. Since the holes in an amor- 
phous polymer may have different sizes and shapes, one natu- 
rally expects the corresponding potential functions to differ 
widely. 
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The transition of the side groups of the polymer from one min- 
imum to another is a thermal-activation process. In equilibrium 
and in the absence of an external field the distribution of side 
groups according to their orientations is determined by the sta- 
tistical weight of the various potential energy minima. The 
application of an electric (or mechanical) field alters the statis- 
tical weights of these minima and there takes place a transition 
to a new equilibrium distribution which can be described by 
introducing a relaxation function. Such a relaxation function 
is a superposition of characteristic functions for holes of each 
type weighed proportionately to their number. Each transition 
to a new equilibrium position is governed by the form of the 
potential function, which takes account of the neighbouring 
molecules, and also by the distance between the minima of the 
potential energy. In general, such a transition is associated with 
the change in all the local coordinates. A relative change in the 
angular coordinates, when the side group jumps from one minimum 
to another, will be different for different holes. For example, 
the angle o will be changed the most if the transition is associated 
with holes of a particular type and if an almost pure rotation 
of the side groups is realized in such a transition. The motion 
of side groups in holes of a different type may be associated with 
changes in the angles Ө or Ф. 

Since the motion relative to the axis w does not involve the 
motion of even very small units of the main chain, it is natural 
to suppose that the rotation about this axis is limited by the 
lowest potential barrier. In accordance with this, at a constant 
temperature the largest contribution to the relaxation-time 
spectrum for an almost pure w-motion is made by shorter relaxa- 
tion times than those contributing to the motions associated 
with the predominant change in the angles 0 or (b. And, con- 
versely, at fixed time intervals (constant frequencies) the w- 
relaxation occurs at lower temperatures than does the 0- or Ф- 
relaxation. Intermediate cases are also possible, where several 
processes of the types indicated can be observed simultaneously. 

Let us consider the effect of the orientation of the dipole mo- 
ment vector of a side group on the relaxation spectrum. If the 
dipoles are oriented parallel to the o axis, then the contribution 
io the dielectric relaxation is made only by the motion associated 
with the change in the angles Ө or Ф. In this case, the largest 
contribution to the spectrum comes from the predominating 
A- and M-motions, to which there corresponds that part of the 
distribution function of relaxation times which is due to longer 
times. If the dipole moment vector is perpendicular to the axis o, 
then the principal role in the relaxation-time distribution func- 
tion is played by shorter times. 
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Although the model discussed above presupposes a complex 
motion in the main chain, it differs fundamentally from the 
“local mode". In the model presently under consideration, the 
angular displacements of the side groups are so small that the 
cooperative movement of the main chain involves only one or 
two carbon atoms. Such a model allows one to account for the 
difference in the position of low-temperature dielectric loss maxima 
in substituted polystyrenes observed by McCammon and his 
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FIG. 4.19. Temperature dependence of tan 6 (1) and e' (2) for polystyrene 
at v = 75 Hz. 


coworkers (225). Since the dielectric losses in polystyrene and 
poly-p-chlorostyrene must be largely determined by the mo- 
tion associated with the change in the angles Ө and Ф, then in 
a broad dielectric loss maximum at low temperatures the high- 
temperature part of the relaxation process must predominate. 
Indeed, in measurements at a frequency of 1 kHz the peak of 
the dielectric loss factor (=) is observed at 46 K in polystyrene 
and at 47.5 K in poly-p-chlorostyrene (225). If the chlorine 
atom is in the ortho-position (as in poly-o-chlorostyrene), then 
the dipole moment vector is found to be almost parallel to the 
@ axis, which leads to an increase in the contribution of the 
®-motion to the relaxation spectrum. As a result, the e" peak 
is shifted in the direction of lower temperatures (Tm = 32.7 K), 
which agrees well with the assumption that the rotation about 
the o axis is associated with the jump over a lower potential 
barrier than in the case of 0- or ©-motions. In poly-m-chloro- 
styrene, the s" peak is observed at an even lower temperature 
(17.5 K), this reflecting the decrease in the steric hindrances 
that limit the rotation about the œ axis as compared with poly- 
o-chlorostyrene. It should be noted that we are simplifying 
the question of the rotation relative to the w axis, since this 
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kind of motion depends greatly on the matrix surrounding the 
side group. 

In principle, one might expect that under certain conditions 
in polymers containing phenyl side groups there will appear 
relaxation maxima due to the three modes of motion considered 
above. 

It is possibly such multiplet relaxation peaks of tan 6 that 
Chant (205), while carrying out dielectric measurements in poly- 
styrene at a frequency of 75 Hz, observed at low temperatures 
(Fig. 4.19). 


CHAPTER 5 


NUCLEAR MAGNETIC RESONANCE IN POLYMERS 
AT LOW TEMPERATURES 


5.1. BASIC CONCEPTS OF NUCLEAR MAGNETIC RESONANCE 
IN POLYMERS 


Nuclear magnetic resonance (NMR) is a phenomenon caused 
by resonance transitions between the magnetic energy levels 
of atomic nuclei in an external field. Basic information on nu- 
clear magnetic resonance can be found in a number of mono- 
graphs (185, 227-230) and review articles (231-235). We shall 
recall only the most important principles. It is well known that 
the nuclei of isotopes have not only mass and charge but also 
a mechanical moment (momentum). The intrinsic angular mo- 
mentum of nuclei is called the spin. The presence of a spin in 
a nucleus leads to the existence of an intrinsic magnetic moment. 
In this book we shall speak mainly of the nuclei, protons, of the 
hydrogen atom. The intrinsic magnetic moment of a proton is 
very small as compared with that of an electron and manifests 
itself only in special physical experiments. 

In a number of cases, we can consider, as a first approxima- 
tion, a system of isolated atomic nuclei placed in an external 
magnetic field (227). Obviously, the magnetic moment of an 
isolated proton in an external magnetic field can have two pos- 
sible directions. One of them corresponds to the case when the 
magnetic moment of the proton is oriented parallel to the ex- 
ternal field, and the second to the case when the magnetic mo- 
ment of the proton is aligned antiparallel to the applied field. 
To each of these directions of the magnetic moment of the pro- 
ton there correspond specific energy levels of the proton. The 
difference between the energies corresponding to these energy 
levels can be given in the form* 


AE = 2uH, (5.1) 
where p is the magnetic moment; H, is the strength of the ap- 
plied external field. 


* Equations expressing relationships between quantities are given in 
a form corresponding to the CGSE system. 
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In accordance with the laws of quantum mechanics, the tran- 
sition of the nucleus (proton) from one energy level to another 
is associated with the absorption or emission of a quantum of 
energy AE — hv. It then follows that 


ћу = 2uH, (5.9) 


Thus, if ар electromagnetic wave of frequency v is propagating 
in a substance whose nuclei have a magnetic moment u and which 
is placed in an external magnetic field Hy, then with condition 
(5.2) being fulfilled the absorption of energy is possible. As a 
result, the atomic nuclei can jump to another, higher energy 
level corresponding to another orientation of their intrinsic 
magnetic and mechanical moments. If the substance (a poly- 
mer) is placed between the poles of a magnet producing an ex- 
ternal field of strength H, = 10* gauss, then the proton absorbs 
or emits an electromagnetic energy of frequency v — 42.57 MHz. 
The phenomenon of nuclear magnetic resonance is precisely 
that absorption or emission of the energy of electromagnetic 
high-frequency oscillations occurs when a substance is placed in 
a magnetic field. 

In the very crude approximation given above, the absorp- 
tion spectrum of the proton will constitute a single line. In fact, 
each proton of the polymer is also influenced by the magnetic 
fields of the surrounding protons. This leads to the appearance 
of a non-zero local magnetic field strength Hioc, due to the mag- 
netic moments of the neighbouring protons. The local field can 
either reduce or enhance the magnetic field acting on the proton, 
depending on the orientation of the magnetic moments of the 
interacting protons. If we take account of the local field, the 
resonance condition (5.2) must be written in the form 


hy = 2u (H,+ Hic) (5.3) 


The presence of a local field leads to the splitting of the energy 
levels and to the broadening of the absorption spectrum in reso- 
nance. The local field strength is not great: it is equal to 5-10 
gauss with the external field strength H, being approximately 
equal to 10* gauss. Nevertheless, by virtue of the very large num- 
ber of interacting protons (and also of isolated groups of protons) 
the local field leads to the appearance of an absorption spectrum 
with a complex shape and a finite half-width. 

The experimental observation of nuclear magnetic resonance 
is usually conducted so that the frequency of the electromagnetic 
wave, v, propagating in a polymer, remains constant and is 
equal to several tens of MHz, while the magnetic field strength 
H, varies smoothly within the relatively narrow limits suffi- 
cient for the resonance condition (5.3) to be fulfilled. In a general 
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case, the resonance absorption curve can have a complex form. 
It is not the absorption curvethat is most often recorded but its 
first derivative with respect to the magnetic field strength (Fig. 5.1) 

The NMR Lineshape. The NMR signal lineshape in polymers 
depends on the chemical constitution, structure and the phy- 
Sical state of the polymer. In the case of amorphous polymers. 
the presence of a local field and a strong intermolecular interaction 


. (a) 
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FIG. 5.1. Superposition of two NMR spectra: 


a—resonance absorption curves (the solid line is an integral curve, the dashed Iines re- 

presenting the components), b—the first derivative with respect to the magnetic field 

intensity (N is the width of the narrow component, B is the width of the broad compo- 
nent). 


gives a sufficiently broad absorption curve for such polymers 
in the glassy state. Asthe temperature rises the molecular mobili- 
ty increases and the atoms (and, hence, their nuclei) begin to 
participate in this motion. This results in a certain time-averag- 
ing of the local field and, hence, to a decrease in it. The decrease 
in Hioc leads, in turn, to the narrowing of the resonance absorp- 
tion curve. When the rubbery state is attained (this state being 
characterized by an intensive molecular motion), the absorp- 
tion curve becomes very narrowas compared with the correspond- 
ing curve for the glassy state. 

In the case of crystalline polymers at temperatures above 
the glass-transition temperature of the amorphous layer the 
lineshape of the NMR signal is found to be more complicated. 
In this case the spectrum consists of two parts: a broad component 
corresponding to processes taking place in the crystalline regions, 
and a narrow component due to segmental mobility in the amor- 
phous regions. 
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The main parameters characterizing the NMR lineshape are 
the linewidth 6H and the second moment AH?. These para- 
meters in a number of cases can be calculated theoretically. 

Linewidth. The linewidth 5H of the NMR spectrum is the 
distance between the two points on the absorption curve at which 
the amplitude of the signal decreases by a factor of 2. Since it 
is usually the first derivative of the absorption curve with res- 
pect to the field which is written out, the linewidth is sometimes 
defined as the distance between the two points on the absorp- 
tion curve at which the shape of the curve changes most. In 
the latter case, 6H is defined as the distance between the cor- 
responding extrema of the real NMR spectrum. In the case of 
crystalline polymers, one sometimes speaks of the width of the 
narrow and broad components of the spectrum. The linewidth 
is often measured as the distance between the outer maximum 
and minimum (see Fig. 5.1). 

The Second Moment of the NMR Spectrum. A theoretical 
description of the shape of the NMR spectrum line is a very 
complicated task. However, it is possible in a number of cases 
to calculate sufficiently accurately the integral characteristic 
of the resonance absorption curve—the second moment of the 
resonance line contour. According to the van Vleck theory (236), 
the second moment AH? is defined by the expression 


{ f(H) (H — Ho? aH 
AH? = — T (5.4) 
| f (H) dH 


where f (H) is the magnetic field strength function characterizing 
the lineshape; (H — H,) is the amount by which the field dif- 
fers from the resonance value (the coordinate being taken from 
the centre of the spectral line). 

In the denominator of expression (5.4) there is an integral 
introduced for normalization. Thus, the second moment of the 
NMR spectrum line may be regarded as a linewidth which is 
determined according to some special method and averaged; 
it is expressed in units of the magnetic field strength and is cal- 
culated from experimental curves. Since the first derivative of 
the resonance line @ (H) is usually determined, the quantity 
АН? can be given in the following form (185): 


Qo J Uy ç (mnan 
AH} = <2 (5.5) 
$ (H—H,) 9 (H) dH 


— оо 
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The expression for AH? can be calculated theoretically (236) 
as a function of the magnitude and orientation of the internu- 
clear vectors with respect to the applied external field. In this 
connection, it is possible, with the structural model being speci- 
fied, to caleulate AH? theoretically and, comparing it with ex- 
perimental values, to come to some conclusions as to how reliably 
the model describes the actual structure. 

Like the linewidth, the second moment will decrease with 
increasing temperature. The strong decrease in AH? with in- 
creasing temperature allows us to establish the temperature 
regions in which the various modes of molecular motion are 
unfrozen. The strongest decrease in AH? in amorphous poly- 
mers is observed on transition from the glassy to the rubbery 
state. 

The Correlation Frequency and the Energy of Activation. 
It has already been mentioned above that ôH and, hence, AH}, 
depend on the strength of the local field Hioc that acts on each 
nucleus. If the atomic nuclei are involved in thermal motion, 
the local field strength is a function of time. Thus the parameters 


characterizing the time-averaged value of H?,.(é) and the rate 
of variation of this quantity are of greatest interest. In order 


to describe the average value of His), use is made of the con- 
cept of the correlation function: 


R (1) = Hsc (D Hios (@-Е +) (5.6) 


From expression (5.6) it follows that the correlation function in 
this particular case is the time-averaged value of the product 
of the strengths of the local fields separated by the time interval т. 
In our case, the correlation function is a measure of the connection 
between two successive values of Zi;.(t) In this way we can 
introduce the concept of the correlation time Te, which is a para- 
meter that characterizes the rate of variation of the local field 
with time and, hence, the rate of variation of the correlation 
function. If t = Te, then the value of the correlation function 
R (t) decreases by a factor of e (5.6). The correlation time is, to 
a certain extent, analogous to the dielectric relaxation time. 
This analogy becomes especially comprehensive when we are 
dealing with liquids. The correlation time т, in this case is con- 
nected by a simple relation with the dielectric relaxation time тр, 
found from formula (4.8) which follows from the Debye theory: 


Te 25 Tpl (5.7) 
The difference between т, and тр is that ty characterizes the 


rotation of molecules due to thermal motion, which leads to 
the disorientation of electric dipoles after the electric field is 
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removed; this motion is considered in terms of the fixed coordinate 
system. The correlation time v, determines the rate of variation 
of the local field with respect to a nucleus that is involved in 
thermal motion. Hence, т, characterizes the change in the local 
field relative to the coordinate system rigidly connected with 
the moving nucleus. 

By analogy with relaxation-time spectra, one can also speak 
of correlation-time spectra. This is especially important when 
dealing with NMR in polymers. If the process associated with 
the unfreezing of some mode of molecular motion can be de- 
scribed with the aid of a single "effective", average correlation 
time, then the inverse of this time, 1/1, = 2лу,, can be calculated 
from experimental data: 


ayo (5.8) 


2лУ, = tan (4L SEER 


EN С? 


where v, is the correlation frequency for a molecular motion lead- 
ing to the narrowing of the resonance curve; о is a constant equal 
to 0.18; y is the gyromagnetic ratio equal to the ratio of the mag- 
netic moment to the momentum; 6/7 is the linewidth over a 
temperature range in which a given mode of molecular motion 
is unfrozen [6H is the convected coordinate in Eq. (5.8)); B is 
the linewidth at a temperature lying above the transition region; 
C is the linewidth at a temperature at which a given mode of 
motion is still "frozen". 

Having determined the linewidth 65H at several tempera- 
tures in the transition region, one can calculate, by means of 
Eq. (5.8), the average correlation frequency at several tem- 
peratures and then calculate the activation energy U of the 
process under study using the formula 

0 
Ne= Vol RT (5.9) 


The Spin-Lattice Relaxation Time. Two methods are possible 
for investigating NMR in polymers. One method consists of 
treating a given volume of the polymer, which is in effect a set 
of macromolecules, as a specific “lattice”. In this case, the lat- 
tice can be described not only as an ordered arrangement of chains 
in crystallites but also as a certain order (“short-range order”) 
in amorphous polymers or in the amorphous regions of crystal- 
line polymers. In the second method, one speaks of the ordering 
due to the orientation of magnetic dipoles, which is governed 
by the presence of nuclear spins. 

Thus, a polymer can be looked on as a combination of two 
systems: a lattice and a system of spins. These systems interact 
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weakly since the magnetic dipoles (the magnetic moments of 
the nuclei) usually interact much more strongly with the external 
magnetic field produced by the magnet in an NMR experiment 
than between one another (H, ® Hioc). The polarization of the 
nuclear magnetic moments upon application of an external mag- 
netic field exerts a decisive influence on the orientation of spins 
іп à polymeric medium, with the thermal motion of atoms айесь- 
ing the ordering in the arrangement of spins only slightly. 

If a magnetic field is applied to a polymeric material which 
has nuclear magnetic moments and is then removed, the magnet- 
ic polarization of nuclei will begin to decay because of the thermal 
motion. The phenomenon of spin-lattice relaxation is a sponta- 
neous decay of magnetic polarization in the absence of an external 
magnetic field, caused by the thermal motion of atoms. In spite 
of the fact that the characteristic times of thermal motion in 
polymers are sufficiently shorter, being equal to 10-9-10-!? s, 
the spin-lattice relaxation time 7, is usually long and equals 
several seconds or minutes. The cause of this is the weak interaction 
between the spin system and the lattice. It might seem that 
the thermal motion of atoms should alter the interaction between 
the nuclear magnetic moments sufficiently rapidly, but by virtue 
of the fact that the energy of such interaction is much lower 
than the total energy of the magnetic dipoles which have been 
polarized by the external magnetic field, the elements of the 
polymeric chains must undergo repeated re-orientations before 
the overall magnetic interaction is appreciably reduced. The 
decay of the magnetization vector (caused by the orientation 
of the nuclear magnetic moments) is a process of transition 10 
equilibrium between the spin system and the lattice. 

The spin-lattice relaxation associated with the molecular mo- 
tion is most distinctly observed when the frequency of thermal 
vibrations is comparable with the NMR frequency. Therefore, 
the investigation of spin-lattice relaxation is carried out at 
frequencies of the order of 109 to 108 Hz. If measurements are 
made at a fixed frequency over a sufficiently wide temperature 
range, it turns out that the spin-lattice relaxation time passes 
through a minimum that appears at a quite definite temperature 
for each relaxation process. These minima are, to a certain extent, 
analogous to the maxima of the temperature dependence of 
dielectric losses. 

The theory of the phenomenon of nuclear spin-lattice relax- 
ation has been worked out by Bloembergen, Purcell and Pound 
(237), who derived a formula for the longitudinal spin-lattice 
relaxation time which takes account of a single correlation time 


* This theory is known as the BPP theory.— Tr. 
11* 


154 CH. 5. NUCLEAR MAGNETIC RESONANCE 


Te Since polymers have a wide range of correlation times, the 
expression for the longitudinal spin-lattice relaxation time T, 
can be given in the following form (238-240): 


mE" М I (Te) Te dTe б I (те) Te d ve 
zc AWD (| hake +4 pee] 040 
0 0 


where AH? is the second moment; 7 (Te) is the correlation-time 
Spectrum density (the relaxation-time distribution function). 


5.2. EFFECT OF THE STRUCTURE AND COMPOSITION 
OF POLYMERS ON NUCLEAR MAGNETIC RESONANCE 


5.2.1. EFFECT OF THE DEGREE OF CRYSTALLINITY 
ON THE NMR LINEWIDTH 


Maklakov and Grigoriev have shown (240-243) that the ex- 
pression for the linewidth 6H in the presence of a correlation- 
time spectrum may be given in the form (242): 


BH p)? Ë I (x) Optedte 
(5H)? = ©” | Legere A (5.11) 
0 


where ŠH is the width of the NMR absorption line for the rigid 
lattice; @ = ayôH is the parameter with the dimensionality 
of cyclic frequency [a is a constant (a zz 1); y is the gyromag- 
netic ratio]. 

lt might seem at first glance that it follows from Eq. (5.11) 
that at oT, — oo (the region of very low temperatures) (SH)? + 
— 0. In actual fact, this is not so since 7 (t,) is a function of 
OpTe It can be shown that J (Te) = @ọTel (Te). Substituting 
this expression into Eq. (5.11), we get: 





с . I (те) өвтёато оёт?ат„ 
(ён) = OD | = (5.112) 
0 


It can be seen that at ogT, — оо the quantity (6H)? assumes 
a finite value, increasing with increasing w,t,. Maklakov and 
Grigoriev (240) calculated theoretically the value of ôH/ôHr 
and demonstrated that it increases with an increase in OgT,, 
approaching a constant value: 


(61 = Cle | Тат, (5.11) 


0 
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Following Chujo (244), we assume that the correlation-time 
spectrum density of an amorphous-crystalline polymer, J (te), can 
be presented in the form of a linear superposition of the correla- 
tion-time spectra of crystalline, Jer (Te), and amorphous, Jam (Te), 
regions: 


I (Te) = Xe (Te) + (1 — x) Tam (v) (5.12) 


where x is the "statistical" degree of crystallinity. 

Chujo attempted to take account of the effect of crystallinity 
on the lineshape of the NMR signal in polymers by substituting 
expression (5.12) into the equation for the NMR absorption 
spectrum line contour derived by Mijake, and Kubo and Tomita 
(238, 239). He assumed, however, that all the correlation times 
corresponding to the crystalline regions are very long as compared 
with the т, of the amorphous regions. In view of this, Chujo 
disregarded the terms that contained the function Iç, (т). 

The Chujo assumption seems to be more or less justifiable 
only in those cases where the polymer is at a temperature exceed- 
ing the glass-transition temperature of the amorphous layer. 
At low temperatures, however, when the amorphous regions 
of a partly crystalline polymer are in the glassy state, the assump- 
tion could well prove to be invalid. 

Substitution of expression (5.12) into Eq. (5.11) gives the de- 
pendence of the linewidth on the degree of crystallinity free 
from the assumptions made by Chujo: 


(ôH r} tl (Te) @ ted 
(6H) = T [x f TERRE Eu 


oo 


+(1— x) \ Tam (Te) cores | (5.13) 


1+ оёт? 
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Analysis of Eq. (5.13) shows that two different forms of the 
dependence of the NMR linewidth on the degree of crystalli- 
nity are possible. The nature of this dependence is determined 
by the relation between the integrals on the right-hand side of 
Eq. (5.13). 

It is customarily believed that as the degree of crystallinity 
increases the total linewidth of a partly crystalline polymer 
also increases. Analysis of Eq. (5.13) indicates that this dependence 
is possible if the major contribution to 6H comes from the first 
integral on the right-hand side of formula (5.13). This condition 
is valid when the polymer is at a temperature higher than the 
T, of the amorphous layer. One would be right in expecting that 
in this case Ier (Te) will also be greater than Iam (Te), since the 
local field is time-averaged as a result of the intensive segmental 
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motion in the amorphous regions above 7,. It is this form of 
the dependence of 6H on x that is the most widespread (185. 
233). 

The main contribution to 677 may, however, also come from 
the second integral on the right-hand side of Eq. (5.13). This 
is evidently possible only at a temperature lower than the glass- 
transition temperature of the amorphous layer, i.e., at low tem- 
peratures. One would expect Jam (Te) to be greater than / (т,). 
If these conditions are fulfilled, the linewidth of the NMR signal 
will decrease with increasing degree of crystallinity. Inspection 
of Eq. (5.13) shows that in samples of the same polymer with 
different degrees of crystallinity, the linewidth can diminish 
with increasing X at low temperatures (below 7, of the amor- 
phous layer) and increase at relatively high temperatures (above 
T, of the amorphous layer but below Tmot of the crystallites). 

Thus, in certain polymers there is possible an inversion of 
the temperature dependence of the linewidth for samples of 
the same polymers which have different degrees of crystalli- 
nity. It is evident that the inversion region must lie near T, 
of the amorphous layer measured at a corresponding frequency. 
When the temperature and the degree of crystallinity are changed, 
the correlation-time distribution function will also change. 
Maklakov and Grigoriev have shown (240-242) that when the 
distribution function of correlation times is changed on the graph 
of 6H/5H, against œT, the curves calculated theoretically for 
different widths of the correlation-time distribution will un- 
dergo inversiou. It is characteristic that the point of inversion 
is found to be located at values of от, close to unity, which cor- 
responds to the intensive manifestation of the relaxation process. 
Thus, the results of the analysis of Eq. (5.13) are in good agree- 
ment with the theoretical calculations of 67 made by Maklakov 
and Grigoriev (240-242). 

McCall and Slichter (245), while investigating low-density 
(x = 50 per cent) and high-density (x zz 70 per cent) polyetli- 
ylene, found that at low temperatures the width of the narrow 
component (which corresponds to the amorphous regions) in 
the less crystallized and more strongly branched polymer is 
much greater than the ôH of the narrow component of the more 
crystallized linear polyethylene (Fig. 5.2). At high temperatures 
the situation is reversed and ôH is greater for high-density poly- 
ethylene. It is interesting that the point of inversion on the 
6H = f (T) graph for both polyethylenes is located at —20°C, 
which agrees well with the glass-transition temperature of the 
amorphous regions of polyethylene at frequencies of about 10* Hz. 

It might seem at first sight incorrect to compare the values 
of ôH for low-density and high-density polyethylenes for the 
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purpose of estimating the effect of the degree of crystallinity, 
since not only their degrees of crystallinity are different but 
one of them is practically a linear polymer and the other has 
methyl groups as branchings. The presence of methyl groups 
in branched polyethylene, which, as will be shown at a later 
time, retains its mobility down to 0 K, must, however, reduce 
the ôH of the narrow component, while at low temperatures 
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FIG. 5.2. The width of the lines of the narrow (1, 2) and broad (2, 4) compo- 


nents of the NMR signal for polyethylene oflow (7, 3) and high (2, 4) den- 
sity. 


6H for branched polyethylene turns out to be greater than for 
linear polyethylene. It is interesting that the average correlation 
frequency v, for low-density polyethylene at low temperatures 
is substantially lower (т, is greater) than in the case of high- 
density polyethylene (Fig. 5.3), despite the commonly held 
belief to the contrary. 

The results obtained by means of the NMR method agree well 
with the temperature dependence of Young's dynamic modulus 
for these polymers. It has been shown experimentally (70, 246) 
that at low temperatures Young's dynamic modulus and the 
velocity of sound in less crystallized low-density polyethylene 
exceed the corresponding values for the more strongly crystallized 
linear polyethylene. It has been shown (70) that the anomalous 
effect of the degree of crystallinity on the elastic modulus and 
the velocity of sound (at which these parameters decrease with 
increasing x) is associated with the change in the effectiveness 
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of intermolecular interaction in the amorphous regions and is 
typical of crystalline polymers for which the Hosemann-Bonart 
structural model is valid. If this analogy between the effect of 
x on acoustical properties and the NMR linewidth at low tempera- 
tures is correct, one may then expect the results similar to those 
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FIG. 5.3. Dependence of the mean correlation frequency on inverse tempera- 
ture (245) 


1—high-density polyethylene; 2—low-density polyethylene, 


given in Figs. 5.2 and 5.3 to be obtained at low temperatures 
for polyethylene terephthalate, polycapramide, polyamide 68. 

An analogous increase in the second moment below the glass- 
transition temperature T, in amorphous samples of polyarylates 
as compared with crystalline samples has been observed (183). 


5.2.2. EFFECT OF THE DEGREE OF CROSS-LINKING 
ON THE NMR LINEWIDTH 


One of the most important characteristics of amorphous net- 
work polymers is the degree of cross-linking: 


v = p/ M, = NUN, (5.14) 
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where p is the density; M, is the molar mass of the portion of 
the chain between two neighbouring entanglement points of 
the spatial network; N, is the number of network chains per 
unit volume; N, is Avogadro's number. 

The network chain is usually defined as the portion of the poly- 
meric chain that connects the neighbouring entanglement junc- 
tions. Thus, the degree of cross-linking (the network density) shows 
the number of moles of network chains per unit volume of the po- 
lymer. 

For each network polymer there exists a maximum possible 
degree of cross-linking, Vm, which depends on the chemical con- 
stitution and the content of reactive groups. One may therefore 


speak of the relative degree of cross-linking v = v/vm, where 


v is the degree of cross-linking in the polymer. Obviously, v 
varies from 0 (an uncross-linked polymer) to 1 (a polymer with 
the densest spatial network). 

Let us consider the effect of the network density on the NMR 
linewidth 6H. To this end, we assume that the correlation-time 
spectrum density is given by 


I (x) = VI, (т) + (1 — 9) 1, (te) (5.15) 


where J, (т,) is the correlation-time spectrum density in a poly- 
mer having a maximum possible degree of cross-linking; J, (Te) 
is the correlation-time spectrum density in a polymer which has 
the same chemical structure but has no chemical cross-links. 
Substituting expression (5.15) into Eq. (5.11a), we have 


oo 
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Formula (5.16) allows one to account for, at least qualitatively, 
the dependence of 6H on the network density at high tempera- 
tures and to predict it at low temperatures. 

From formula (5.16) it follows that two kinds of dependence of 
the linewidth on v are possible. If the predominant contribution 
to 6H is made by the first integral on the right-hand side, then 
the linewidth increases with increasing network density. This 
kind of dependence of ôH on v must always be valid at T > T ,; 
it has been described in detail in the literature (185). It should be 
noted that this dependence can also be observed in the glassy 
state. 
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Another case is also possible: when J, (Te) > /, (Te) and the 
linewidth is determined by the second term on the right-hand 
side of Eq. (5.16). In this case, the linewidth must decrease with 
increasing network density. This kind of dependence of 6H on the 
degree of cross-linking can be expected to be valid in network 
polymers at low temperatures (at least, below T',). Such an anoma- 
lous decrease in the linewidth at low temperatures must evidently 
be associated with the fact that the increase in the number of 
chemical cross-links will hinder the decrease in the distance be- 
tween the kinetic unit of the neighbouring chains with decreasing 
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FIG. 5.4. Dependence of the second moment of the NMR signal on inverse 
temperature (247): 
1—unirradiated polyethylene; 2— polyethylene irradiated with a beam of deutrons. 
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temperature of the polymer, thereby reducing the effectiveness 
of intermolecular interaction. As a result, the localized molecu- 
lar mobility in polymers with a larger v below 7, will be more 
intensive than in a slightly cross-linked polymer. Such a change in 
molecular mobility in network polymers below 7', has been repeat- 
edly observed (70). In network polymers such as cured epoxide 
resins and copolymers of unsaturated polyesters with styrene, 
the mechanical loss peaks, which are due to molecular mobility 
and are situated below the glass-transition temperature, increase 
with increasing network density (70). 

In investigating such polymers by the NMH method at low 
temperatures one may expect the increase in molecular mobility 
(of the non-segmental type) in the glassy state with increasing 
v to lead toa decrease in the local magnetic field and, hence, to 
a decrease in the linewidth 6H of the NMR signal. It may be stated 
that for network polymers the 6H values of which at low temper- 
atures (below T) decrease with a rise іп v the corresponding val- 
ues will increase at high temperatures (above 7,) with increas- 
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ing v. It is natural that the second moment must vary, depending 


оп v in a manner analogous to the change in ôH. Such different 
dependences of AH? on the degree of cross-linking above and be- 
low T, have, it seems, been observed by Fujiwara and his cowork- 
ers (247) for polyethylene irradiated with a beam of deuterons 
speeded up in an accelerator (Fig. 5.4). It is interesting that above 
300 K (above 7, of the amorphous layer) the second moment for 
strongly irradiated polyethylene is higher than in the case of an 
unirradiated polymer. This is sufficiently convincing evidence 
that the irradiation of polyethylene has produced cross-linking. 
Below 300 K the AH? value for irradiated, radiation-cross-linked 
polyethylene is lower than for the unirradiated polymer. With a 
fall in temperature this difference increases (see Fig. 5.4). 


5.2.3. EFFECT OF PLASTICIZER CONCENTRATION 
- ON THE NMR SIGNAL LINEWIDTH IN PLASTICIZED POLYMERS 


Let us examine the manner in which the concentration of a 
polar plasticizer added to a polar polymer influences the linewidth 
6H of nuclear magnetic resonance. 

Suppose that the polar polymer and the polar plasticizer added 
to it are compatible over a certain range of concentrations (the 
possibility of unlimited compatibility is not excluded). Let the 
plasticizer concentration in the polymer be k and the maximum 
permissible plasticizer concentration at which the plasticizer is 
still compatible with the polymer be k,,. We introduce the dimen- 
sionless parameter Ё = k/km. It is evident that Ё may vary from 
0 (an unplasticized polymer) to 1 (a polymer with a maximum pos- 
sible plasticizer concentration). Hence, the parameter ë indicates 
the degree of plasticization of the polymer. 

Suppose that the correlation-time spectrum of a plasticized 
polymer, Z (т), is represented as a linear superposition of the 
spectra of the infinitely plasticized polymer, Z, (Te), and the un- 
plasticized polymer, 7, (Te), which have the same chemical 


structure. Then 
I (Xe) = EL, (Te) + (1 — $) Fy (a) (5.17) 
Substitution of expression (5.17) into Eq. (5.11a) yields: 
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Inspection of this formula shows that inthe region of the rubbery 
state, when for all т, that make a major contribution to the corre- 


lation-time spectrum the condition wt, < 1 and 7, (Te) > J, (x) 
is fulfilled, the dominant contribution to the linewidth will be 
introduced by the second term on the right-hand side of expression 
(5.18). This means that the linewidth 6H will diminish with in- 
creasing plasticizer concentration. This form of the dependence 
of ôH on Ё is well known (185) and is very frequently encountered. 


It is possible that J, (Te) > 7, (Te) and the contribution to 
6H be made by the first term on the right-hand side of expression 
(5.18). In this case, the linewidth will increase with increasing 
plasticizer content in the polymer. This condition can be real- 
ized only for polymers in the glassy state and only in those cases 
where the addition of plasticizer to the polymer intensifies the 
intermolecular interaction in the polymer-plasticizer system be- 
low T, i.e., at low temperatures. 

The intensification of intermolecular interaction in plasticized 
polymers leads to the suppression of molecular motion (70), which 
causes the broadening of the NMR line in plasticized polymers at 
low temperatures. Note that such an “anomalous” dependence of 
ôH on Ё, when ÔH increases with increasing £ if the polymer-plas- 
ticizer system is at a temperature below 7',, is a reflection of the 
effect of antiplasticization in nuclear magnetic resonance. 

Antiplasticization has been thoroughly studied by acoustical 
methods (70). It means that upon addition of a polar plasticizer 
to a polar polymer the elastic modulus and the velocity of sound 
(and sometimes the strength also) in the polymer-plasticizer sys- 
tem at low temperatures (below 7) increase with increasing 
plasticizer concentration. It has been found (70) that antiplasti- 
cization is caused by an increase in the intermolecular interaction 
in the polymer-plasticizer system in the glassy state. The macro- 
scopic manifestation of this effect consists of an increase in the 
elastic modulus and the velocity of sound with increasing Ё 
(ôH behaves іп an analogous manner in NMR) and a sharp decrease 
in the mechanical loss peaks situated below Tg. 

It has been shown experimentally that upon addition of some 
low-molecular-mass liquids (acetic acid, ethyl alcohol) to Nylon 
6,6 the linewidth and the second moment increase at low temper- 
atures (248). Slonim and Lyubimov (185) find this effect paradoxi- 
cal. From the above it however becomes clear that this effect is 
a general one, being a reflection in NMR of quite a common phe- 
nomenon—antiplasticization. 

Thus, even an approximate theoretical analysis of the effect 
of plasticizer content on the NMR linewidth 6H allows one to 
come to certain conclusions concerning the manifestation of anti- 
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plasticization in nuclear magnetic resonance. These conclusions 
can be summarized as follows. 

1. The increase in 6H with increasing concentration Ё (antiplas- 
ticization) is possible only when the polymer is compatible with 
the plasticizer. This effect can be observed only in the glassy state 
(i.e., at low temperatures). 

2. For the same polymer-plasticizer system 5H increases with 
increasing Š at low temperatures (at 7 < 7,) and diminish at 
high temperatures (7 > T). 

3. Both these dependences of 5H ор & lend themselves to a theo- 
retical description. 


5.2.4. EFFECT OF THE STRUCTURE AND COMPOSITION OF POLYMERS 
ON THE SECOND MOMENT AND THE SPIN-LATTICE RELAXATION TIME 


In order to find out how the polymer structure affects the sec- 
ond moment and the spin-lattice relaxation time, we shall make 
use of Eq. (5.10). Introducing the notation Q — T,AH?, we can 
write Eq. (5.10) in the following form: 


т=з (h +f) (5.19) 


where f, and f, are the first and second integrals on the right-hand 
side of Eq. (5.10). It is obvious that f, and f, depend on the corre- 
lation time spectrum T (Te), Te, and o. 

Let us consider, for example, the effect of the plasticizer con- 
centration on the AH? and 7, of polymers. For this purpose, using 
the agruments given above and substituting the expression for 
Í (Te) of the type (5.17) into f, and f,, we reduce Eqs. (5.10) and 
(5.19) to the following form: 
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It is obvious that if the predominant contribution to the right- 
hand side of Eq. (5.20) is made by the sum of integrals, having 
the factor (1 — £), the parameter Q will increase with increasing 
plasticizer concentration. This case occurs at low temperatures 
(below T). Under these conditions the product of the spin-lattice 
relaxation time 7, by AH? increases with increasing plasticizer 
concentration. Since the intensification of intermolecular inter- 
action and the suppression of molecular motion are typical of 
this case, it is evident that the increase in Q is associated with 
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the increase of the spin-lattice relaxation time as well as of the 
second moment. 

At high temperatures (above 7,) the predominant contribution 
to the value of 1/Q is made by the integrals which have the factor 
š before them. As the plasticizer concentration increases the para- 
meter Q = T, AH? will diminish, which is ascribed to the de- 
crease of both cofactors (T, and AH?). 

The effect of the degree of crystallinity and the network density 
on T, and AH? can be considered in an analogous way. 


5.3. INVESTIGATION OF THE MOLECULAR MOTION 
IN POLYMERS AT LOW TEMPERATURES 
BY THE NMR METHOD 


As the temperature falls the various modes of molecular motion 
in polymers become gradually frozen. This increases the second 
moment, which at very low temperatures tends to theoretical val- 
ues calculated for the "rigid lattice". As a rule, the freezing of mo- 
lecular motion in polymers at 7 — 0 K may be regarded as a ther- 
mal-activation process resulting from the fact that the energy of 
the thermal motion of a particular kinetic unit diminishes, and 
when it becomes less than the height of the potential barrier that 
hinders its motion the given type of molecular motion becomes im- 
possible. As a result the second moment AH? and the spin-lattice 
relaxation time T, increase. 

The results of experimental investigations of molecular mobil- 
ity in polymers (185, 231, 233-235) show that the lowest-tempera- 
ture mode of molecular motion is due to the rotation of CH, groups. 
It is, however, not difficult to show that the height of the poten- 
tial barrier that hinders the rotation of methyl groups is not less 
than 8.4 kJ and that at T < 40 K the classical rotation of CH, 
groups cannot lead to a change in AH? and Тү, since the energy of 
methyl groups under these conditions proves to bemuch lowerthan 
the height of the potential barrier. 

In this connection, it has been assumed (249) that the re-orien- 
tational motion of methyl groups about the C, axis near 0 K is of 
a quantum nature and is caused by quantum-mechanical tunnel- 
ling transitions. 


5.3.1. QUANTUM-MECHANICAL TUNNELLING TRANSITIONS 
IN POLYMERS CONTAINING METHYL GROUPS 


From the standpoint of the concepts of classical physics, the 
potential barrier of height V is a "non-transparent partition" for 
all particles with energy E < V. A quantum-mechanical treat- 
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ment of the motion of microparticles in microscopical fields shows 
that in a number of cases particles with energy E — V can tunnel 
through the potential barrier. 

Powles and Gutowsky (249) have shown that at low tempera- 
tures some of the methyl groups experience torsional vibrations (re- 
orientational motion) about the C, axis as a result of tunnelling 
through the barrier (at E < V) that hinders their classical rota- 
tion. Such tunnelling of CH, groups leads to a decrease in AH? 
for polymers containing methyl groups at 7 — 0 K as compared 
with the value of the second moment calculated for the rigid lat- 
tice. The theory of quantum-mechanical tunnelling of CH, groups 
has been developed by a number of workers (249-251). 

The theory of quantum-mechanical tunnelling has been expound- 
ed in the most systematic way by Stejskal and Gutowsky (251), 
who used it for calculation of the tunnelling frequency and the 
spin-lattice relaxation time 7,. This theory rests on the assumption 
that the methyl groups are separated from one another and are 
linked to the immobile chain matrix. It is presumed further that 
the potential of the restricted (frozen) rotation of the methyl 
group does not depend on time and can be given by 


V = Vo (1+ cos 30) (5.24) 


where V, is the height of the potential barrier; Ф is the angle of 
rotation "of the CH, group. 

Substituting the potential function V, defined by expression 
(5.21), into the Schródinger equation, we obtain: 


2 2 V, = 
Zr oe +[8— (3) 0 +cos30)] Y (0)=0 (5.22) 
where V (Ф) is the wave function defining the position of the me- 
thyl group; Z is the energy of the methyl group; J is the moment 
of inertia of the methyl group relative to the axis of symmetry. 

Solving Eq. (5.22) gives a set of the eigenvalues of energy E, 
which correspond to the levels of torsional vibrations of the methyl 
group having a potential with a three-fold symmetry. It is essen- 
tial that the eigenvalues of the energy are obtained for a pair of 
levels, one of which is degenerate. As a result of the overlap of the 
wave functions, each energy levelis split into two sub-levels. The 
splitting Av of each level (being proportional to the difference in 
energy between two neighbouring sublevels) is very small for the 
lowest energy states and increases at large E, (Fig. 5.5). The 
splitting, however, remains small as compared with the energy 
of the corresponding level of torsional vibrations. 

As a result of the splitting of energy levels, the methyl group 
can be simultaneously in two neighbouring potential wells (252). 
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A consequence of this is that part of the methyl groups can move 
with a non-zero probability from one potential well to an identi- 
cal energy level in another potential well. This makes possible the 





FIG. 5.5. Schematic representation of energy levels for a potential with a 
three-fold symmetry (253), corresponding to the methyl group. 
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FIG. 5.6. The mean correlation frequency of the ester methyl group in poly- 

methyl methacrylate (O) and polymethyl acrylate (x) against inverse 

temperature (253). For comparison, the tunnelling frequencies v; calculated 

by Stejskal and Gutowsky for various potential barrier heights are given: 

1—14.1 kJ/mole; 2—16.2; 3—18.3; 4—21.0; 5—22.5; 6— 24.6; 7—26.7; 8—28.9; 9— 
31.0; 10—33.0 kJ/mole. 


re-orientational motion of the methyl groups about the C, axis 
by tunnelling through the potential barrier. The tunnelling fre- 
quency depends on the height of the potential barrier V, and the 
energy E; of the methyl group. The splitting Av is a measure of 
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the velocity with which the methyl group tunnels through the 
potential barrier. If the energy of the methyl group appears to be 
greater than the potential barrier V, with increasing temperature, 
the quantum-mechanical tunnelling changes to classical rotation. 

The tunnelling frequency of the methyl group at temperature 
T can be given by (253): 


vr = >; Av; exp — =) = > G Avi (5.23) 


where Q is the partition function for torsional vibrations; g; is 
the probability that the methyl group is in the ith vibrational 
state. 

Obviously, v+ is the average tunnelling frequency for the entire 
set of energy levels existing at a given temperature. Stejskal and 
Gutowsky (251) calculated the dependence of v, on temperature 
for potential barriers of various heights ranging from 9.89 and 
33.35 kJ (Fig. 5.6). It is remarkable that below 70 K the average 
tunnelling frequency does not depend on temperature. This means 
that the re-orientation of methyl groups occurring through this 
mechanism is possible down to OK. 

The theory of the quantum-mechanical tunnelling of methyl 
groups as applied to nuclear magnetic resonance has also been 
considered by Allen (254, 255) and Clough (256). 


5.3.2. NUCLEAR MAGNETIC RESONANCE IN POLYMERS 
CONTAINING METHYL GROUPS 


Nuclear magnetic resonance in polymers that contain methyl 
groups has been studied experimentally by a number of investi- 
gators (185, 231, 233-235), essentially only down as far as the 
liquid-nitrogen temperature (77K), which is far from sufficient 
for the quantum nature of the re-orientation of methyl groups to 
be elucidated. There are only a few works (253, 257) dealing with 
investigations carried out at lower temperatures. Below we shall 
consider the results of experimental investigations of some amor- 
phous polymers containing methyl groups. 

Polymethy! Methacrylate. Nuclear magnetic resonance in this 
polymer has been studied (253) over the temperature range 5 to 
293 K. The temperature dependence of the second moment in poly- 
methyl methacrylate is given in Fig. 5.7. At room temperature 
the second moment of this polymer is AH? — 10 G?. As the tem- 
perature falls the second moment increases and at 120 K it reaches 
AH? = 19 gauss?, at which level it remains constant down to 
15 K and then again increases. At 20 K a second, a very small low- 
temperature plateau appears with a value of. AH? = 23 G?. 
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Using the van Vleck theory (236) and knowing the internuclear 
distances and valence angles, we can calculate the second moment 
of polymethyl methacrylate for the rigid lattice (253). For this 
case, AH? — 28 G?. The theoretical value of the second moment, 
taking into account the rotation of one methyl group, is 20.2 G?, 
and if the rotation of both CH, groups is taken into account, 
AH? = 12.5 G?. A comparison of these values with experimentally 
measured values shows that above 120 K a decrease in the second 
moment due to the incipient rotation of the methyl group at- 
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FIG. 5.7. Dependenee of the second moment AZ of the NMR spectrum 

line on temperature for polymethyl methacrylate (257) [(AH3), is the theoret- 

ical value for the rigid lattice; (AH2), is the theoretical value corresponding 

to the rotation of one CH, group; (AZ2), is the theoretical value corre- 
sponding to the rotation of both СН; groups]. 


tached directly to the main chain is observed. Below 120 K (down 
to 77 K) rotation of the methyl group linked to the side ester group 
becomes possible. 

The value of AH? = 23 G?, obtained experimentally at helium 
temperatures (5 K), differs greatly from the theoretical result ob- 
tained for therigid lattice (28 G?). This difference cannot be accounted 
for by the insignificant intermolecular contribution to the second 
moment. Nor can it be explained by the effect on the second mo- 
ment of the intramolecular motion, which is partly frozen at helium 
temperatures. 

Bergmann and Navotki (258) proposed a method which makes 
it possible to separate the contribution of mobile kinetic units 
from the experimentally measured values. This method makes use 
of the rotation parameter r, which is defined in this particular case 
as the ratio of the number of fixed methyl groups to the total 
number of methyl groups present in the polymer. Figure 5.8 is a 
plot of the parameter r, against temperature for polymethyl meth- 
acrylate. From this figure it can be seen that between 5 and 20 K 
the parameter r, has an average value of 0.76, i.e., 76 per cent 
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of CH, groups are immobile at these temperatures. The discrepancy 
between the theoretically calculated and experimentally found 
values of the second moment becomes understandable if we take 
into account that 24 per cent of CH, groups are still mobile at 5 K. 
The mobility of CH, groups at such low temperatures cannot be 
explained within the framework of classical conceptions. 

If the average correlation frequency is calculated from the ex- 
perimentally found values of 6H by means of formula (5.8), then 
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FIG. 5.8. The proportion of rigid methyl groups in polymethyl methacrylate 
against temperature (253). 


in the case of a thermal-activation process log v, must, in accor- 
dance with the Arrhenius equation (5.9), depend linearly on the 
inverse temperature. The calculated activation energy U for the 
process resulting from the motion of a-methy] groupsis 9.6 kJ/mole. 
The calculated correlation frequencies lie between 10? and 10° Hz 
and the limiting frequency v< zz 10’ Hz. These values do not 
agree with the transition-state theory (197), according to 
which v, = 2.7 X 101 Hz. An even lower value of activation 
energy (0.75 kJ/mole) is obtained for the process caused by the 
motion of the ester methyl groups. This value of activation energy 
is too low for processes of the thermal-activation type. 

When we compare the temperature dependence of correlation 
frequencies for the process resulting from the motion of a-methyl 
groups (253) (Fig. 5.9) with the temperature dependence of the 
tunnelling frequencies calculated by Stejskal and Gutowsky (251), 
it appears that the picture of the classical motion does not conform 
to reality. This is even more distinctly manifested in the case of 
the motion of the ester methyl groups (see Fig. 5.6). This is evi- 
denced by the fact that the graph of log v, = f (1/T) is no longer 
a straight line and also by the fact that in the case of a-methyl 
groups the dependences of log va and log v+ exhibit a tendency 
towards agreement at low temperatures. At higher temperatures 
(above 120 K), at which the a-methyl groups begin to rotate, their 
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thermal energy exceeds the height of the hindering barrier V,. 
According to the quantum-mechanical model (249), tunnelling is 
transformed in this case into classical rotation. 

The satisfactory fit between the correlation and tunnelling fre- 
quencies for the ester methyl groups is an indication that the quan- 
tum-mechanical model describes this mode of motion. It is in- 
teresting that in the low-temperature region the potential barrier 
height (see Fig. 5.6) was found to be equal to 22.6 kJ/mole, while 
the classical rotation model gives a value which differs from this 
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FIG. 5.9. The mean correlation frequency of the a-methyl group in poly- 
methyl methacrylate against inverse temperature (253). For comparison, 
the tunnelling frequencies calculated d Stejskal and Gutowsky are given: 


1—14.1 kJ/mole; 2—16,2; p 2 4—21.0;75—22.5; 6—24.6; 7—26.7; 8—28.9, 9— 
.0; 10—33. Ò kJ/mole 


value by more than one order of magnitude. From an analysis of 
the results presented in Fig. 5.6 it follows that the simple quan- 
tum-mechanical model describes well the motion of the ester meth- 
yl groups in polymethyl methacrylate at temperatures sufficient- 
ly low for classical rotation to be impossible. 

The question of which of the quantum-mechanical models is 
in better agreement with the experimental data is still not quite 
clear. Stejskal and Gutowsky have shown (251) that no value of 
the second moment that would agree satisfactorily with the avail- 
able experimental data can be obtained by a simple quantum- 
mechanical model. 

Allen (254) and Clough (259), basing themselves on their ener- 

y-level diagrams for the methyl group, calculated the value of 

H? at helium temperatures. From the calculations made by 

lough it follows that AH? = 20.2 G? at 4.2 K for polymethyl 

ethacrylate, while according to the experimental data obtained 
by;Kosfeld and Mylius (253), AH? = 23 G? at 5 K. Such a sub- 
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stantial difference (2.8.G?) between experimental and theoretical 
results is probably an indication that below the experimentally 
attained temperature 7 — 5 K one should expect the second mo- 
ment (at 7 — ОК) (257) to decrease to the value predicted by theo- 
ry (20.2.G?). It will be shown below that such an extreme tem- 
perature dependence of AH? at T — 0 K is in fact observed in 
some polymers containing methyl groups. 

Polymethyl Acrylate. Kosfeld and Mylius (253) studied the tem- 
perature dependence of the second moment in this polymer be- 
tween 5 and 293 K. The results of this investigation are presented 
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FIG. 5.10. Dependence of the second moment AH of polymethyl асгу- 

late on temperature (257) [(AH2), is the theoretical value for the rigid lat- 

tice; (AH3), is the theoretical value corresponding tothe tunnelling of the 

CH; group; (AH3)s is the theoretical value corresponding to the rotation of 
the CH, groupl. 


in Fig. 5.10. The second moment in polymethyl] acrylate at room 
temperature (20°C) is 8.7 С. A rapid fall in AH? above 293 К 
is due to the unfreezing of the segmental micro-Brownian mo- 
tion, i.e., to the transition from the glassy to the rubbery state. 
Below 250 K one observes a slight linear increase in the second 
moment with decreasing temperature. This effect is evidently as- 
sociated with a certain increase in density caused by the fall in 
temperature. At 75 K the second moment of polymethyl acrylate 
attains a value of 11.7.G?. As the temperature drops further the 
second moment increases substantially and at 20 K it becomes 
equal to 17.1 G?. The experimental results obtained by Kosfeld 
and Mylius in the temperature range 77 to 293 K are in good 
agreement with the data of other investigators (222, 260, 261). 

Calculations show (253, 261) that the AH? value corresponding 
to the rigid lattice is 22.9 G? for polymethyl acrylate. If the rota- 
tion of the methyl groups is taken into account, AH? = 12.9 G?. 

The large difference between the experimental data at 5 K 
(AH? — 17.1 G?) and the theoretical value for the rigid lattice 
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(22.9 G?) may arise from the fact that even at such low temperatures 
motion of the CH, groups is possible. The temperature depend- 
ence of the parameter r, for polymethyl acrylate is presented in 
Fig. 5.11. 

At 5 K the parameter r, is equal to 0.36. In contrast to poly- 
methyl methacrylate, polymethyl acrylate has only one methyl 
group in the repeat unit, and therefore the expected value of 
r, for therigid lattice is 0.5. This means that 72 per cent of all the 
CH, groups in polymethyl acrylate are immobile at 5 K, the re- 
maining 28 per cent retaining their mobility (253, 257). Begin- 
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FIG. 5.11. The proportion of rigid methyl groups in polymethyl acrylate 
against temperature (253). 


ning from 77 K, the value r, approaches zero, which corresponds 
to the rotation of all the ester methyl groups. 

If we calculate the activation energy of the process associated 
with the motion of the methyl groups near the liquid-helium tem- 
perature on the basis of classical concepts, the resulting value 
(U — 0.84 kJ/mole) will be too low for the process under consid- 
eration to be thermal activation. The temperature dependence of 
the correlation frequency at low temperatures as calculated from 
experimental data is in good accord with the temperature depen- 
dence of the tunnelling frequency. At T < 50 K, both log ve 
and log v+ are independent of temperature, and the value of the 
hindering potential V, is found to be equal to 22.6 kJ/mole. 
This coincides with the data for the re-orientational motion of 
the ester methyl groups in polymethyl methacrylate and points 
to the mobility of the methyl groups in polymethyl acrylate being 
due to quantum-mechanical tunnelling. This is also supported by 
the fact that the value of the second moment calculated by Clough 
(256, 259) at T = 4.2 K for polymethyl acrylate is 17.0 Gè, 
which is in excellent agreement with the experimental value of 
AH? near the liquid-helium temperature. 

Polycarbonate. In the temperature range 293 to 77 K polycar- 
bonate has been studied by several authors (185, 262). Figure 
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5.12 shows the temperature dependence of the second moment of 
polycarbonate at temperatures from 5 to 293 K (257). At room 
temperature the AH? of polycarbonate is 4 G?. Between 170 and 
77 K there is observed an appreciable increase in the second mo- 
ment (by 13 G?), it being about 20 G? at 77 K. The second moment 
begins to decrease with a further fall in temperature and becomes 
equal to 15.5 G? at 5 K. 

If we use the van Vleck theory (236) for the calculation of the 
second moment, the AH? value for polycarbonate in the case of 
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FIG. 5.12. Dependence of the second moment of AH? of polycarbonate оп 
temperature (257) [((AH3), is the theoretical value for the rigid lattice; (AE2)s 
is the theoretical value corresponding to the tunnelling of the methyl groups; 


(AH2), is the theoretical value which takes account of the rotation of two 
CH, groups]. 


the rigid lattice will be equal to 22.7 G?. If account is taken of 
the rotation of one CH, group in the repeat unit, the value of 
AH? will be 15.2 G?. Upon rotation of both methyl groups AH? = 
— 7.1 G?. It would seem that using these values allows one to 
explain. the temperature dependence of the second moment pre- 
sented in Fig. 5.12: the increase in the second moment between 
170 and 77 K is accounted for by the freezing of the rotational 
motion of both CH, groups. The maximum value of the second 
moment at 77 K (AH? — 20 G?) is, however, found to be lower 
than the value calculated for the rigid lattice (22.7 G?). The dis- 
crepancy between these values (about 3 G?) implies that not all 
the modes of intramolecular motion are frozen at 77 K. 

The decrease in the second moment with fall of temperature 
below 77 K cannot be explained by a decrease in the thermal acti- 
vation of the motion of the methyl groups, since in this case the 
value of AH? would have increased at T — 0 K. The calculation 
of activation energy based on the use of the temperature depen- 
dence of the correlation frequency corresponding to the Arrhenius 
equation leads to an activation energy of 5 kJ/mole, which is too 
low for the thermal-activation process. Thus, the decrease in the 
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second moment at T — 0 K and the very low values of activation 
energy do not allow us to account for the motion of the methyl 
groups at very low temperatures within the scope of the classi- 
cal model of rotation. 

One would think that the dependence AH? — f (T) in poly- 
carbonate at low temperatures can be explained quantum-me- 
chanically. However, the simple quantum-mechanical tunnelling 
model (249-251) does not allow one to account for the decrease in 
the second moment at T —-0 K. This effect cannot be explained 
either with the aid of the more complicated Allen model (254). 
Allen calculated AH? on the basis of a more accurate energy-lev- 
el diagram for the methyl group. This is largely associated with 
the fact that these models deal with the motion of the methyl 
group in an isolated molecule. 

Clough (256, 259) attempted to calculate the motion of the 
methyl group in a molecular crystal. He assumed that the motion 
of the methyl group alters the lattice state. Consideration of this 
phenomenon leads to the appearance, in expression (5.21) for 
the hindering potential, of an additional term due to the reverse 
action of the effect of a change in the lattice state on the methyl 
group. Using this potential, Clough calculated (256) the energy- 
level diagram for the methyl group. A distinctive feature of his 
theory is that the splitting of the energy level corresponding to the 
joint state of the methyl group and the lattice issmall as compared 
with £T. From the calculations made by Clough it follows that 
AIT? is equal to 8u?d?/5 for the classical rotation of the CH; group 
(the high temperature case), AH? = 32 y?d?/5 for the rigid lat- 
tice, and AH? = 16y?d?/5 at low temperatures. Неге y = y/2 
(where y is the gyromagnetic ratio); d = 3u R-?/2 (where R is 
the distance between the protons in the methyl group). The data 
given here mean that the value of AH? at low temperatures can 
be only half of the second moment for the rigid lattice. 

The Clough theory allows one to account for the existence of 
a maximum in the temperature dependence of the second moment 
in polycarbonate. At the lowest temperatures the value of the 
second moment (15.5 G?), which is low as compared with the 
AH? value for the rigid lattice, is due to the re-orientation of the 
methyl groups resulting from quantum-mechanical tunnelling. 
As the temperature rises (from 15 K) the intensity of lattice vi- 
brations in polycarbonate increases. These lattice vibrations cause 
a sort of tunnelling frequency modulation, which leads to a 
decrease in the tunnelling motion of the methyl groups as the 
temperature rises. This effect is especially pronounced when the 
extent of tunnelling frequency modulation is great and the proba- 
bility of classical rotation is still low. 
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Thus, one can expect that at sufficiently low temperatures the 
second moment will increase with increasing temperature, tend- 
ing towards the level typical of the rigid lattice. Further rise of 
temperature leads to an increase in the energy of thermal motion 
(thermal activation) of the methyl groups and to the unfreezing 
of classical rotation and, hence, to a decrease in AH. Thus, by 
taking account of the lattice vibrations one is able to explain the 
increase in AH? with rise of temperature at low temperatures. 
According to the Clough theory, the onset of the broadening of 
the line with the increase in 7, which is caused by the decrease in 
the tunnelling motion, must occur at 23 K. 

From the conceptions expounded above one can expect that the 
increase in AH? with rise of temperature will depend on steric 
hindrances that impede the motion of methyl groups. If the steric 
hindrance that retards the motion of methyl groups is so small 
that classical rotation is possible even at low temperatures, then 
the increase in the second moment with increasing 7 must be ve- 
ry small. Conversely, if the classical rotation of methyl groups is 
hindered so strongly that it becomes possible only at higher tem- 
peratures, then at low temperatures one may expect the second 
moment to increase significantly with rise of temperature. Only at 
higher temperatures does the unfreezing of the classical rotation 
of the CH, groups lead to a decrease in AH:. 

It is the last case that agrees with the experimentally deter- 
mined temperature dependence of the second moment for polycar- 
bonate. On the other hand, the methyl groups in polycarbonate 
that are responsible for quantum-mechanical tunnelling are di- 
rectly attached to the main chain, which leads to a higher hinder- 
ing potential than in the case of the methyl groups present in the 
ester side groups. In this connection, it becomes understandable 
why in polycarbonate at low temperatures, in contrast to poly- 
methyl methacrylate and polymethyl acrylate, the second moment 
increases with rise of temperature. It is interesting that the Clough 
theory (256, 259) yields a value of AH? = 15.5 G? at 4.2 K, 
which fits the experimental data well. The subsequent fall in the 
second moment with rise of temperature above 77 K is due to the 
fact that at this temperature the classical rotation of the methyl 
groups in polycarbonate begins to be unfrozen. 

Polyisobutylene. The temperature dependence of the second 
moment of NMR in this polymer (257) is shown in Fig. 5.13. The 
second moment at room temperature in polyisobutylene is 0.2 G?. 
As the temperature falls the second moment increases and attains 
the value 33.6 G? at 77 K. Further decrease in temperature leads 
to a decrease in AH?, while in the temperature range 5-30 K 
the second moment remains constant at 26 G?. Calculations based 
on the van Vleck theory give a value of AH? = 40.3 G? for the 
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rigid lattice. The rotation of one methyl group lowers the second 
moment down to 25.9 G?, and the rotation of both CH, groups 
reduces it to 12.5 (С. 

In polyisobutylene above 200 K one observes a sharp decrease in 
АН?, which at room temperature assumes a very low value which 
probably corresponds to the rubbery state. This region of rapid 
change in the second moment evidently corresponds to the glass- 
transition region of this polymer. The second moment at 200 K 
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FIG. 5.13. Dependence of the second moment of AH? of polyisobutylene 

‘on temperature (257) [(AH2), is the theoretical value for the rigid lattice; 

(AH), is the theoretical value corresponding to the tunnelling of the methyl 

groups; (AH2)s is the theoretical value corresponding to the rotation of two 
CH, groups]. 


is 12.6;G?, which value can be attributed to the rotation of both 
methyl groups and is in good agreement with the theoretically 
calculated value (12.5 G?). Further increase in the second moment 
is caused by the freezing of the rotational motion of the СН, 
groups. At 110 K a slight kink on the AH? — f (T) graph ap- 
pears—the second moment at this temperature is equal to 26 G? 
and coincides with the theoretically predicted value (25.9 G?), 
which corresponds to the rotation of only one CH, group in the 
repeat unit of the polymer. With a further drop in temperature 
the second moment reaches its maximum value, 33.6 G?, at 77 K. 
This value differs greatly (by 6.7 G?) from the second moment 
corresponding to the rigid lattice (40.3 G?). Such a large difference 
between these values signifies that at 77 K the mobility of the 
CH; groups is still considerable. 

The fall of the second moment as the temperature drops below 
77 K is an indication that the observed effect is not thermal acti- 
vation and, hence, cannot be accounted for on the basis of the 
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classical conceptions of the rotation of methyl groups. Just as in 
the case of polycarbonate, the experimental data obtained for po- 
lyisobutylene are in good agreement with the Clough quantum- 
mechanical model. This theory is supported by the theoretical 
value of AH? (25.9 G?) tor 7 = 4.2 K, which for practical pur- 
poses coincides with that found by experiment, and also by the 
presence of a temperature region (5-30 K) where the second mo- 
ment is independent of temperature. 

Thus, in polymers such as polyisobutylene and polycarbonate 
the quantum-mechanical tunnelling of methyl groups at low tem- 
peratures is superimposed by an additional effect caused by ther- 
mal lattice vibrations, this effect leading to an unexpected de- 
crease in the second moment with fall of temperature. 


CHAPTER 6 


DYNAMIC MECHANICAL PROPERTIES OF POLYMERS 
AT LOW TEMPERATURES 


6.1. EFFECT OF CHEMICAL CONSTITUTION, STRUCTURE 
AND COMPOSITION ON THE DYNAMIC MECHANICAL 
PROPERTIES OF POLYMERS. BASIC CONCEPTS 
OF ACOUSTIC SPECTROSCOPY OF POLYMERS 


The main parameters characterizing the dynamic mechanical 
properties of polymers are the components of the complex elas- 
tic modulus—the dynamic elastic modulus and the loss modulus 
(70, 263)—-and also the loss tangent or loss factor: 


" 


G 
tan ô= 77 (6.1) 


where G” is the loss modulus and G' is the dynamic shear modulus. 

The dynamic mechanical properties of polymers are usually 
studied by using low-frequency acoustic vibrations (not higher 
than 10* Hz) and may be regarded as low-frequency acoustical 
properties. 

The parameters characterizing the dynamic mechanical prop- 
erties of polymers are largely governed by two factors: the chem- 
ical constitution and the specific features of the supermolecular 
(supramolecular) structure. 

When the frequency of acoustic vibrations and temperature 
vary over wide limits, the dynamic mechanical properties of 
polymers undergo considerable changes caused by relaxation pro- 
cesses which are associated with the various modes of molecular 
motion. The nature of molecular motion is governed by the chem- 
ical constitution and structure of the polymer. But addition- 
ally, the most important physical properties of polymers depend 
on the intensity and specific features of the relaxation processes 
and, hence, on the mode of molecular motion. 

One of the main methods of investigating molecular motion in 
polymers is the study of the temperature dependences of the para- 
meters characterizing the dynamic mechanical properties. The 
most important in this respect is the study of the dependence of 
the dynamic modulus, the loss factor (tan Š), and the loss modulus 
on temperature. 
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If the polymer is cooled down to a very low temperature at 
which no molecular motion is present (this cannot be attained in 
all cases since in some polymers the molecular mobility is still 
possible even at 0 K) and the parameters indicated above are 
measured with the temperature being raised gradually, the various 
modes of molecular motion in the polymer will begin to be succes- 
sively unfrozen. In this process, each mode of molecular motion 
unfrozen will leave its imprint 
on the tan 6 = f (T), G' = f (T), 
and G” = f (T) graphs. The tem- > 
perature dependences of these 
parameters are, as it were, snap- 
shots giving information on the 
various kinds of molecular mo- 
tion which may occur in poly- 
mers and also on the structure of 
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are very great, and for them the 

condition wt > 1 is fulfilled. Since at a first approximation c 
is proportional to exp (U/RT), it follows that all relaxation times 
decrease with increasing temperature and when the condition 
от = 1 is fulfilled for a particular relaxation process, a maximum 
appears on the temperature dependence of tan ó or G”. Under the 
same conditions the dynamic shear modulus is decreased. 

If measurements are carried out at a constant frequency over a 
wide temperature range, it is possible to reveal all the relaxation 
processes characteristic of a given polymer, processes which are 
associated with the various types of molecular mobility that can 
be realized in the polymer. Manifestation of each mode of mole- 
cular motion, which leads to considerable changes in the tempera- 
ture dependence of the dynamic mechanical properties, are usually 
treated as a temperature transition. The temperature transitions 
taking place in amorphous polymers are of a relaxational nature. 
In the case of crystalline polymers, thermodynamic phase transi- 
tions are also regarded as temperature transitions. 

The general diagram of temperature transitions in amorphous- 
erystalline polymers is given in Fig. 6.1. Usually, temperature 
transitions, beginning from the highest-temperature transition 
(264, 265), are labelled by the Greek letters a, B, ү, and 8. Relaxa- 
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tion processes that occur with fall of temperature are denoted by 
the same letters. 

The highest-temperature @,;-transition shown in Fig. 6.1 may 
be a multiplet transition associated with the movement of poly- 
meric chains in crystalline regions. According to the model pro- 
posed by Hoffman, Williams, and Passaglia (266), this tempera- 
ture transition is associated with the motion uf folds and the re- 
orientation of polymeric chains. The apparent activation energy 
of a relaxation process of this type is 167-418 kJ/mole. 

The dynamic mechanical properties of crystalline polymers are 
strongly influenced by the relaxation process caused by the glass 
transition of the amorphous layer (@am-relaxation). In strongly 
crystallized polymers, this relaxation process degenerates and can 
be barely observed in this case on the temperature dependences of 
G', G”, and tan б. 

With amorphous polymers this relaxation process is dominant, 
being associated with the transition from the glassy to the rubbery 
state (or vice, versa). This temperature transition is due to the 
unfreezing of segmental mobility of the micro-Brownian type and 
leads to the most marked change in the dynamic modulus of amor- 
phous polymers (from 10° MPa in the glassy state to 1 MPa in 
the rubbery state) and to the appearance of the most intense loss 
maximum. The molecular mobility is in this case realized due to 
the large kinetic units in the main chain of the polymer. The tem- 
perature transition corresponding to @am-relaxation can be singlet. 
or multiplet (70, 267). 

The next temperature transition which takes place at lower tem- 
peratures is known as the f-transition (fj-relaxation). This temper- 
ature transition, which is located in the region of a secondary 
relaxation, usually involves relaxation processes caused by the 
motion of side groups or small units of the main chain. In view of 
this, by -relaxation we mean the various temperature transitions. 
For example, while the -relaxation occurring in polymethyl meth- 
acrylate is a process associated with the re-orientational motion 
of side chains (265), with polytrifluorochloroethylene the f- 
relaxation is caused by the glass-transition of amorphous regions 
(266), and in the case of crystalline polytetrafluoroethylene it is 
a phase transition (265) which leads to a change іп“ ће type of 
unit cell of the polymer. It has been suggested (264) that only the 
processes caused by the motion of side groups be included in the 
category of f-relaxations. The apparent activation energy for 
B-relaxations is 63-167 kJ/mole. 

At lower temperatures, only those temperature transitions occur 
which are provoked by small kinetic units of the main or side,chains 
of a polymer, these chains consisting of several successively 
linked carbon atoms. Such temperature transitions; (y-relaxations) 
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are often connected with the movement of four or more CH, or 
CF, groups. In crystalline polymers one observes the phenomenon 
of y-relaxation attributed to the re-orientation of chain ends in 
crystallites and to the presence of defects in them (Yer-relaxation} 
(266) and also to the mobility of several aliphatic earbon atoms 
in amorphous regions (vyag-relaxation). 

At very low temperatures, there are observed temperature tran- 
sitions brought about by the mobility of terminal groups of atoms 
and some of those present in the branchings (6-relaxations). An 
example of ó-relaxation is the motion of the phenyl groups in 
polystyrene or of the methyl groups in polypropylene at low 
temperatures. The ó-relaxation process may be of the complex 
multiplet nature. 

The presence of the various temperature transitions in a poly- 
mer depends on its chemical constitution and structure. 

It should be noted that the entire gamut of relaxation proces- 
ses taking place in crystalline and amorphous polymers cannot be 
reduced to the relaxation mechanisms indicated above, these not 
even being self-evident themselves. It is, however, quite obvious 
that the molecular mechanism of relaxation processes in crystal- 
line and amorphous polymers is largely governed by their super- 
molecular structure. 

Thus, the dynamic mechanical properties of polymers are governed 
by their chemical constitution and structure. This is uniquely 
reflected in the temperature dependence of the loss modulus, the 
loss tangent (tan 6), and the dynamic modulus. It can be assert- 
ed that there are no two polymers of different chemical constitu- 
tion whose temperature dependences of these parameters are 
identical. 

This has recently led to the development of the acoustic spec- 
troscopy of polymeric materials, the main task of which is to 
establish the relationship between chemical constitution, struc- 
ture and composition, on the one hand, and the acoustic parame- 
ters (including the parameters which characterize the dynamic 
mechanical properties), on the other. Another objective of acoustic 
spectroscopy is to obtain information on the chemical constitution, 
structure and composition of polymeric materials on the basis of 
a study of the temperature or frequency dependences of the acoustic 
parameters. 

The salient features of acoustic spectroscopy of polymers are 
each manifested in a specifically individual way during investiga- 
tions of the dynamic mechanical properties of polymers in the low- 
temperature region. 

Most of the works devoted to the study of the dynamic mechan- 
ical properties of polymers have been carried out with the tem- 
perature of the sample being changed from 77 K to the melting 
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temperature, in the case of crystalline polymers, or to tempera- 
tures somewhat higher than T, in the case of amorphous polymers. 
The dynamic mechanical properties of polymers below 77 K have 
been studied in a comparatively limited number of works; an 
article with a review of these works has been written by Sauer and 
Saba (265). They stated that below the liquid-nitrogen tempera- 
ture (77 K) mechanical relaxations are observed only in polymers 
containing side (pendant) groups. Such polymers include, for 
example, polymethyl methacrylate, polypropylene, and polyvinyl 
acetate, in all of which the 6-relaxation process results from the 
re-orientational motion of methyl groups. The phenomenon of 
6-relaxation caused by the movement of ethyl groups in the side 
chains has been observed in polyethyl acrylate and polyvinyl 
propionate. The Ó-relaxation process due to the motion of side 
phenyl groups or substituted phenyl groups have been repeatedly 
Observed in polystyrene and its derivatives. At the same time, 
Sauer and Saba. arrived at the conclusion that below 77 K no 
relaxation processes occur in such linear polymers as linear poly- 
ethylene, polytetrafluoroethylene or polyoxymethylene, which 
have no side groups. 

A number of works have been published recently, which show 
that relaxation loss maxima also appear in linear crystalline 
polymers below the liquid-nitrogen temperature. 

Armeniades and Baer (268) reported two new low-temperature 
loss maxima in polyethylene terephthalate, located at 46 and 27 К. 
It turns out that these mechanical loss peaks depend on the orien- 
tation and degree of crystallinity respectively. Later, analogous 
loss peaks were detected in polyethylene and polyoxymethylene 
(269, 270). It was established that these loss peaks depend on the 
supermolecular structure of polymeric chains in crystalline re- 
gions. In order to account for the mechanism of the low-temperature 
loss peaks in polyoxymethylene and polyethylene terephthalate, 
use was made of the hypothesis of the thermally activated motion 
of dislocation jogs and their interaction with conformational kink 
defects. 

Hiltner and Baer (270) have found that no Ó,,-relaxation 
(the loss tangent maximum at 46 K) takes place in amorphous or 
rapidly quenched samples, and that this process is observed in 
rolled or stretched samples. The height of the бр peak increases in 
oriented samples annealed in the stressed state (i.e., when the ends 
of the samples are rigidly clamped) but diminishes when the 
samples are annealed in the free state. It is assumed that the 
Scr-relaxation is of the same nature as the Bordoni peaks in 
metals. 
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6.2. METHODS OF INVESTIGATING 
THE DYNAMIC MECHANICAL PROPERTIES OF POLYMERS 


Two methods are usually used to measure the parameters that 
characterize the dynamic mechanical properties of polymers at low 
temperatures. The most widely employed is the method of free 
torsional vibrations (70, 163). The apparatus based on this meth- 
od—various types of torsion pendulum —are the most frequently 
used and have been described in detail (271, 272). In earlier works, 
the direct torsion pendulum was used; in recent years the measure- 
ments have been carried out on the inverted torsion pendulum. 
This type of apparatus enables one to study the dynamic mechani- 
cal properties of polymers over the temperature range 4.2 K to 
the melting temperature. As a rule, measurements are made at 
a frequency of around 1 Hz. The parameters measured are the 
dynamic shear modulus G’ and the loss tangent tan ô (or G”). 

The second method used in studying the dynamic mechanical 
properties of polymers down to 4.2 K is the resonance method 
(the Bordoni method) (273, 274). This method allows one to 
measure Young's dynamic modulus Æ’ and tan ô in the 10? to 
10* Hz frequency range. One instrument of this type, designed by 
Crissman and McCammon (275), makes it possible to measure E' 
and tan Š over the temperature range 4.2 to 300 K. 

The results obtained by means of these two methods are difficult 
to compare, since different elastic moduli are measured (the shear 
modulus and Young’s modulus) at frequencies differing by 2-3 or- 
ders of magnitude. 

It is commonly believed that dynamic mechanical properties 
should preferably be studied at the lowest frequencies. The support- 
ers of this point of view assert that in high-frequency measure- 
ments the relaxation maxima shift with increasing frequency to 
higher temperatures and are superimposed upon one another, which 
sharply reduces the resolving power of the method. But here they 
are ignoring a curious feature of dynamic-mechanical measure- 
ments in polymers: in low-frequency measurements the relaxation 
maxima are found to be shifted towards low temperatures and they 
also may be superimposed on each other, which naturally also 
lowers the resolution of the method. 

Thus, it can be said that the study of dynamic mechanical 
properties at low temperatures should best be carried out at high 
frequencies. In this case, the resolving power of the methods used 
will increase in the low-temperature region and decrease in the 
high-temperature region. The use of low-frequency methods, on 
the contrary, reduces the resolution at low temperatures and 
enhances it at high temperatures. Nonetheless, by virtue of the 
known simplicity of free torsional vibration methods, the majority 
13-0724 
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of experimental studies of the dynamic mechanical properties of 
polymers have been carried out on the torsion pendulum at a fre- 
quency of about 1 Hz. 


6.3. RELAXATION PROCESSES IN POLYMERS 
AT LOW TEMPERATURES 


According to the results of the study of dynamic mechanical 
properties at low temperatures the polymers investigated can be 
divided into three groups: (1) linear crystalline polymers, such as 
polyethylene, polytetrafluoroethylene, polyoxymethylene, poly- 
capramide, polyethylene terephthalate; (2) polymers containing 
methyl groups: polypropylene, poly-4-methyl 1-pentene, poly- 
methyl methacrylate, polycarbonate; (3) polyvinyl chloride, poly- 
styrene and its derivatives. 

In the following we shall consider the molecular mobility and 
the associated relaxation processes observed at low temperatures 
in the polymers listed above. 

Polyethylene. The dynamic mechanical properties of polvethyl- 
ene have been studied by many investigators and discussed in 
a number of monographs (70, 163) and review articles (276-278). 
Measurements carried out on the torsion pendulum at a frequency 
of 1 Hz show that in branched polyethylene (low-density poly- 
ethylene) three loss maxima at temperatures 340, 250, and 150 K 
are found. These loss peaks are usually linked with %-, B-, and 
y-relaxations. Most often only the а- and y-relaxations are ob- 
served in linear polyethylene. 

Usually, the tan 6 peak observed in polyethylene near 340 K 
(a-relaxation) is attributed to mobility in the crystaJline regions 
(279-282). Sinnott (281) attributed the a-peak to the re-orientation 
of the folds on the lamellar surfaces. Illers (283) ascribed the a- 
relaxation in polyethylene to the frozen (retarded) rotation of the 
long folds about the longitudinal axis of the polymer. Here it is 
presumed that this rotation takes place inside the crystal lattice. 
A dispute arises in the interpretation of the B- and y-relaxation 
processes. Kline, Sauer and Woodward (284) point to a direct 
relationship between the B-relaxation process and the number of 
side chains (branches) in polyethylene. On the other hand, it is 
usually believed (70, 266) that the B-peak in polyethylene is asso- 
ciated with the unfreezing of the segmental motion of the main 
chains in the amorphous regions, i.e., with the glass-transition of 
the amorphous layer. 

Even more controversial is the question of the mechanism of 
y-relaxation in polyethylene. Boyer (164) and Schatzki (162) pro- 
posed for the y-relaxation process the crankshaft rotation mechanism 
which involves several methylene groups. Both these investigators 
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presume that the y-relaxation is not associated with the glass- 
transition of the amorphous regions in polyethylene. There exist 
various mechanisms which allow us to attribute the y-peak of tan 6 
in polyethylene to the motion of the kinetic units of polymeric 
chains on the surface of crystallites. Hypotheses of this type have 
been put forward by Fisher and Peterlin (285), Wada and coworkers 
(286), Crist and Peterlin (287). Stehling and Mandelkern (278) 
maintain that the y-peak results from the superposition of two 
relaxation processes caused by mobility in the uncrystallized 
phase. Sinnott (281) believes that the y-peak is a single (singlet) 
relaxation process connected with the motion of defects in crystal- 
lites. On the other hand, Illers (283), Pechhold (288), and Gray and 
McCrum (289) assume that the y-relaxation is a multiplet process 
associated with mobility in both the crystallites and amorphous 
regions. 

It has long been believed (265, 290) that in linear polymers such 
as polyethylene, polytetrafluoroethylene, and polyoxymethylene, 
which have no side groups pendant to the main chain, there are no 
mechanical loss maxima below 100 K. However, Papir and Baer 
(269), using the torsion pendulum (v = 1 Hz), demonstrated con- 
vincingly that in linear polyethylene one can observe two new 
mechanical loss peaks at low temperatures. In the temperature 
dependence of the logarithmic decrement these maxima show up at 
48 K (the 6, ;- peak) and 20 K (the e-peak). A remarkable feature is 
that both these maxima were detected while investigating samples 
of linear polyethylene subjected to preliminary rolling, extrusion 
or annealing in the fixed state (with the length of the sample rigid- 
ly clamped). It was found that the increase in the degree of orien- 
tation on extrusion or rolling leads to an increase in the height of 
these low-temperature loss maxima (Fig. 6.2). 

An increase in the intensity of the ӧ,г- and e-peaks has also 
been observed on annealing polyethylene samples with rigidly 
clamped ends (Fig. 6.3). However, if the samples were in the un- 
clamped free state during annealing, then no loss 6,,- and e-peaks. 
were observed for the annealed samples. The activation energy for 
the Ó,,-relaxation process is 12.5 to 16.7 kJ/mole, which agrees: 
well with the corresponding values obtained for the low-tempera- 
ture relaxation processes in polyethylene terephthalate and poly- 
oxymethylene (270, 308). 

The mechanism of 6,;- and e-relaxations clearly cannot be con- 
nected with the presence in polyethylene of various impurities or 
various types of end groups. It is more likely that these low-tem- 
perature loss peaks can be explained on the basis of a model that 
takes into account the interaction of conformational kink-defects 
and dislocation jogs (270). Such a model is largely based on the 
ideas put forward by Pechhold (288) concerning the structure of 
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a bulk crystallized polymer, according to which the segments of 
parallel-packed chains (crystallites) coexist with cooperatively 
folded regions. According to this model, the relaxation processes 
in polymers may be associated with the motion of specific rotation 
isomers (kink-isomers), which are defects in an almost parallel 
packing of chains. The model (291) proposed for describing the low- 
temperature loss peaks assumes that edge dislocations can interact 
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with conformational kink-defects in the ordered regions of the 
polymer. From this model it follows that the intensity of the 
relaxation process must increase with increasing dislocation den- 
sity and concentration of kink-defects. The existence of edge dis- 
locations in single crystals of linear polyethylene has been proved 
experimentally (292, 293). 

The hypothesis of the presence in the lattice of defects in the 
form of kink-isomers was advanced by Reneker (294) and later 
modified by Clark (295) and Pechhold (288). The existence of 
these types of defects in the ordered regions of (various linear 
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polymers has been confirmed theoretically by de Santis et al. (296) 
and experimentally by Brown (297) and Koenig and Boerio (298). 

The effect of the thermal history on relaxation processes in li- 
near polyethylene at low temperatures is illustrated in Fig. 6.4. 
This figure shows schematically the units of polymeric chains which 
form the lattice, in which there are “bound” as well as “free” 
defects and also edge dislocations. We know that the annealing of 
oriented polymers in the free state (with unclamped ends) at 
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FIG. 6.4. Schematic representation of a model which takes account of the 
interaction of dislocations with conformational kink-defects and which has 
been proposed as an explanation of the low-temperature ô- and e-relaxation 
in linear polyethylene, polyformaldehyde, and polyethylene terephthalate 
(269) before annealing (a) and after annealing (b). A, B, and C are, respec- 
tively, a bound kink-defect, a free kink-defect, and an edge dislocation. 


temperatures 7 lower than the melting temperatures leads to an 
increase in the folding period and makes the crystal lattice more 
perfect. With such annealing the intensity of the ӧ,г- and e-maxi- 
ma is reduced, which confirms the validity of the model under 
consideration. Indeed, the annealing of a crystalline polymer in 
the free state brings about a decrease in the number of dislocations 
and kink-defects per unit volume of the polymer. This reduces the 
height of the cr- and £-peaks of tan 6 and leads to their complete 
degeneration for samples of linear polyethylene annealed in the 
free state (269). 

The annealing of samples with clamped ends also leads to an 
increase in the ordering of the lattice. The improvement of the 
lattice is associated in this case with the motion of free kink- 
defects situated far from a dislocation (a defect of type B in 
Fig. 6.4). Besides, it is quite probable that with the annealing of 
stressed samples with clamped ends the dislocations are immobil- 
ized under the influence of stresses caused by the clamped ends.. 
The energy of the distorted lattice, produced by the presence of 
defects, induces in this case the migration of the "bound" kink- 
defects (a defect of type A in Fig. 6.4) into the expansion regions 
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located beneath the dislocations. Such thermoelastic aging proc- 
esses in metals are well known. 

Investigations carried out by means of X-ray structural analy- 
sis show (269) that kinks really can lead to a local expansion of 
the lattice. The migration of kinks to dislocations results in an 
increase in the total volume, which makes the dislocation jogs 
more mobile. As a result, the intensity of the relaxation peaks is 
increased at low temperatures. In this way one can explain the 
increase in the intensity of the ôer- and e-peaks in polyethylene 
brought about by cold extrusion or rolling. Obviously, these two 
processes must lead to an increase in the dislocation density. 

Polytetrafluoroethylene. The dynamic mechanical properties 
of this polymer have been studied by many investigators and de- 
scribed in detail in monographs (70, 163). The polymer has been 
investigated most thoroughly by McCrum (299), who measured 
the components of the complex shear modulus at a frequency of 
about 1 Hz in the temperature range 4.2 to 600 K and detected 
several peaks in the temperature dependence of the logarithmic 
decrement. The lowest-temperature loss maximum at —97?C is 
most prominent (Fig. 6.5). The intensity of this peak diminishes 
with increasing degree of crystallinity and, according to the data 
obtained by MeCrum, is equal to 75.2 kJ/mole. No loss peaks have 
been detected in polytetrafluoroethylene at lower temperatures, 
but a slight increase in the dynamic shear modulus is observed 
with decreasing temperature. 

Apart from the low-temperature peak, McCrum observed loss 
maxima at 18-29 and 127°C. He conjectured that the temperature 
transition observed in the form of the loss peak at 127°C is connect- 
ed with the glass-transition of the amorphous regions of polytet- 
rafluoroethylene. 

It has been shown recently (70, 300) that the glass-transition 
temperature of polytetrafluoroethylene is in fact much lower 
(—110°C) (70) and that the transition observed near 130°C results 
from the unfreezing of the micro-Brownian motion in directions 
perpendicular to the chain axes (300-302). Thus, the temperature 
transition observed near 130°C is characterized by the appearance 
of molecular mobility in the paracrystalline phase. The thermo- 
physical measurements carried out by Ohzawa and Wada (302) 
show that the content of the paracrystalline phase in polytetrafluo- 
roethylene may exceed the content of amorphous regions. 

It has also been found recently (70, 300) that in polytetrafluoro- 
ethylene at low temperatures (from —120 to —70°C) there exist 
two temperature transitions of the relaxation type, one associated 
with y-relaxation (the motion of several CF, groups) and the other 
with the glass transition of the amorphous regions. It is interesting 
that in the lowest-frequency measurements (v zz 1 Hz) only one 
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intense loss peak is observed, resulting evidently from the super- 
position of two relaxation maxima, while in higher-frequency 
measurements (100-200 Hz) these two loss peaks can sometimes be 
resolved. 
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FIG. 6.5. Temperature dependence of the dynamic shear modulus (a) and 
the logarithmic decrement (b) for polytetrafluoroethylene at v ~ 1 Hz, the 
degree of crystallinity being 76 per cent (Z) and 48 per cent (2) (163). 


Polyformaldehyde. The dynamic mechanical properties of 
polyformaldehyde have been examined by many authors. A de- 
tailed review of these works is given in monographs by Perepechko 
(70) and by McCrum, Read and Williams (163). The temperature 
dependence of the logarithmic decrement at frequencies of about 
1 Hz usually show three loss maxima located at 400 K (a), 260 K 
(B), and 205 K (y). The highest-temperature a-peak, observed in 
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polyformaldehyde at 400 K, is associated with the mobility in the 
crystalline regions and is probably due to the re-orientational rota- 
tion of folds in the crystals (o,.-relaxation). It is commonly be- 
lieved (70) that the most intense y-peak (Fig. 6.6) is associated with 
the unfreezing of segmental motion in polyformaldehyde, which 
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FIG. 6.6. Temperature dependence of the dynamic shear modulus (a) and 
the logarithmic decrement (b) for polyformaldehyde at v ~ 1 Hz (163). 


results from the transition of the amorphous regions from the 
glassy to the rubbery state. Read and Williams (303) also ascribe 
this peak to the transition from the glassy to the rubbery state. 

The same conclusion can be drawn from investigations of poly- 
formaldehyde by the NMR method (304) and dielectric spectro- 
scopy (163, 305). Bohn (306) and Miki and his coworkers (307) 
believe, however, that the most intense low-temperature peak in 
polyformaldehyde is due to the local modes of molecular motion, 
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say, the damping of the torsional vibrations of the main chains. 
Some authors believe (306) that the “rudimentary residue" of the 
glass-transition process is the weak B-peak sometimes detected in 
the temperature range —20 to +50°C (depending on the frequen- 
cy). The available experimental data, however, allow one to 
conclude that the glass-transition temperature of the amorphous 
layer of polyformaldehyde is situated at a temperature not 
exceeding 195 K (70). 

The dynamic mechanical properties of polyformaldehyde have 
mostly been studied at temperatures ranging from the liquid- 
nitrogen to the melting temperature. But in 1971 Papir and Baer 
(308) studied the dynamic mechanical properties of polyformal- 
dehyde of the type Delrin-500 (molecular mass 40,000) down to 
the liquid-helium temperature. As a result of this investigation, 
which was carried out by means of a torsion pendulum at 1-3 Hz, 
two new loss peaks were detected, one located at 48 K (the ôer- 
peak) and the other below 4.2 K (the e-peak). It was found that as 
the degree of crystallinity increases the intensity of the Ó,,-peak 
is substantially increased. For example, when the density of poly- 
formaldehyde changes from 1.4083 to 1.440 Mg/m?, the height of 
the 6,,-peak increases three-fold. The total loss level increases by 
the same amount at temperatures below 30 K (Fig. 6.7). 

The orientation brought about by rolling polyformaldehyde 
gives rise to the same effect. For example, for a sample of polyfor- 
maldehyde extended by 70 per cent as a result of rolling the mechan- 
ical losses are three times greater than for the unrolled material 
(Fig. 6.8). The бег-реаК increases by the same amount if an unori- 
ented sample of polyformaldehyde is annealed in the clamped state 
(with the ends being rigidly clamped). The magnitude of the 
Ôcr-peak in polyformaldehyde also increases when oriented samples. 
with clamped ends are annealed. But if oriented samples of poly- 
formaldehyde are annealed in a free, unclamped state, the height. 
of the 6,,-peak and the total level of mechanical losses are dimin- 
ished. The viscoelastic behaviour of polyformaldehyde has been 
found to exhibit anisotropy (308). It has been established that 
while for samples cut from an oriented sheet plate of polyformal- 
dehyde at angles 0 and 90° to the direction of the orientation axis 
the mechanical losses are the same, for those cut at an angle of 
45° the intensity of the 6,,-peak and the dynamic shear modulus is. 
much higher. 

It is supposed (308) that, as in the case of polyethylene, in 
polyformaldehyde the low-temperature loss maxima are of the 
same nature, being associated with the existence of kink-isomers 
and dislocations in these polymers. This is evidenced by the 
strong dependence of these peaks on the conditions of cold work- 
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ing (extrusion, rolling) and annealing and also by the anisotropy 
of the dynamic mechanical properties. 

It seems natural to assume that the mechanism of low-temper- 
ature relaxation in polyformaldehyde has something in common 
with Bordoni peaks in metals. Indeed, the height of Bordoni peaks 
depends on the conditions of cold working and subsequent heat 
treatment. The activation energy for Bordoni peaks is comparable 
with that for the 6,,-peak in polyformaldehyde (12.5-16.7 kJ/mole). 
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FIG. 6.7. Temperature dependence 
of the logarithmic decrement for 
the ô- and e-relaxation processes in 
olyformaldehyde (308) with a high 
(1), an average (2), and a low (3) 
degree of crystallinity. 


FIG. 6.8. Temperature dependence 

of the logarithmic decrement for the 

ô- and e-relaxation processes in poy- 

formaldehyde subjected to cold rol- 

ling in one direction (308); the draw 
ratio is as follows: 


1—75 per cent; 2—50 per cent; 3—30 per 
cent; 4—original sample. The rotation 
axis of the specimen on the torsion pendu- 
lum is parallel to the direction of rolling. 


The main difference between these phenomena lies in the charac- 
ter of the dependence of the relaxation intensity on the concentra- 
tion of point defects in the lattice. While the height of the ôer- 
and e-peaks increases with increasing concentration of defects 
(308), the intensity of Bordoni peaks is decreased under the same 
conditions. Nonetheless, a mechanism analogous to that proposed 
for the explanation of Bordoni peaks (309, 310) can be used to 
account for the effect of orientation and crystallization on the 
intensity of ôer- and e-relaxations in polyformaldehyde. 

The supposed mechanism in these processes is connected with 
the interaction of dislocations and conformational kink-defects 
under the action of the externally applied stress. It is assumed 
that at low temperatures the dislocations are fixed, only some 
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chain segments between the neighbouring pinning points being 
mobile. In constructing the model proposed by Papir and Baer 
(308) it was assumed that the intensity of the low-temperature 
relaxation process must increase with increasing dislocation densi- 
Ly or concentration of kink-defects. The mechanism of this phenom- 
enon is the same as in the case of polyethylene. It is likewise 
assumed that each point defect (kink-isomer) that arises under 
the action of the stress field in the lattice interacts with edge 
dislocations. If the defect is capable of migrating to a dislocation, 
the energy of the distorted lattice diminishes. The migrating de- 
fects move into the local-expansion region situated beneath the 
dislocation. 

In the case of Bordoni peaks in metals the migration of point 
defects to dislocations leads to the fixing and damping of the 
latter. In polymers, conformational kinks lead to the expansion 
of the surrounding lattice regions, and the migration of kinks to 
dislocations increases the local volume, which is necessary for 
the motion of dislocation jogs. This in turn leads to an increase in 
the intensity or relaxation peaks. It is natural that the migration 
of kinks to dislocations is possible only under certain conditions. 
Such a model enables one to account for the effect of annealing and 
cold extrusion or rolling on the intensity of the cr- and £-peaks in 
crystalline polymers. The increase in the height of these peaks 
with increasing degree of crystallinity in polyformaldehyde can 
also be explained within the framework of this model. In this 
case, at relatively low rates of crystallization not only the concen- 
tration of kinks increases but these defects migrate to positions 
corresponding to the energy minimum, i.e., to the regions situated 
beneath the dislocation. 

Attempts have been made to use the dislocation model (308) to 
account for the mechanism of y-relaxation in polyformaldehyde. 
For instance, Papir and Baer resolved graphically the asymmetric 
y-peak in polyformaldehyde into three maxima situated at 140 K 
(yı), 180 K (y) and 205 К (үз). It is supposed that the cause of 
yı- and y,-relaxations is that with rise in temperature the break- 
away motion of dislocations from minor pinning points becomes pos- 
sible and the conditions are created for the motion of larger segments 
of dislocations. Another explanation also exists (70) for the mechan- 
ism of multiplet temperature transitions in the region of y- 
relaxation. 

The low-temperature loss peaks, which are probably due to the 
interaction between dislocations and kinks, have been detected in 
polyethylene terephthalate (268). In this polymer the 6,,-peak at 
46 K is observed only in uniaxially oriented samples and the 
e-peak (at 26 K) in crystallized samples. The activation energy of 
these processes is almost the same, being equal to 16.7 kJ/mole. 
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It is possible to outline some of the features of Ó,,-relaxations 
common to a number of linear crystalline polymers (270). In 
completely amorphous samples (for example, in amorphous poly- 
ethylene terephthalate) and in polymers rapidly quenched from 
the melt (polyethylene, polyoxymethylene) no ó,,.-relaxation 
takes place. Relaxations of the беу type are observed in rolled or 
stretched samples, and their intensity increases with increasing 
deformation of the polymer. 

The intensity of the 6,;-peak invariably depends on the ther- 
mal history of the polymer. The height of the 6,,-peak increases in 
oriented samples annealed in the stressed state (with the size of 
the sample being fixed) but it diminishes in oriented samples an- 
nealed in the free state. In isotropic quenched samples the ôer- 
relaxation arises if the ends of the samples are rigidly clamped dur- 
ing heat treatment. ЇЇ such samples are annealed in the un- 
clamped free state, no Ôer-peak is present. 

For all polymers the temperature of the 5,;-peak is independent. 
of the deformation. The Ó,,-relaxation in linear crystalline poly- 
mers exhibits strong anisotropy. Samples in which the angle be- 
tween the axis of torsion (on a torsion pendulum) and the direction 
of orientation is 45? display a stronger Ó,,-peak and a greater dynam- 
ic shear modulus than do samples with В = 0° and В = 90°. 

Apart from the principal бег-реаК at 45-50 K, another secon- 
dary transition is detected at lower temperatures in some poly- 
mers, this transition depending, like the Ó,;-peak, on the orienta- 
tion and heat treatment. 

The activation energy of the 6,,-peak evidently does not exceed 
16.7 kJ/mole. 

This relaxation process cannot be characterized by a single 
relaxation time. The width of the 6.,;-peak is much larger than 
one would expect from the theory dealing with a single relaxation 
time. 

The most probable mechanism for the 6,;-relaxation is the 
thermally activated motion of dislocation jogs under the action 
of the applied stress. The dislocation mechanism of the low-tem- 
perature relaxation has been discussed in detail by Hiltner and 
Baer (270). 

Polyeapramide. The dynamic mechanical properties of this 
polymer have been the subject of many investigations. A review of 
these works can be found in monographs by Perepechko (70) and 
by McCrum, Read and Williams (163). 

Usually, three loss maxima are observed in polycapramide at low 
frequencies: the a-peak near 60°C, attributed to the micro-Browni- 
an segmental motion; the D-peak near 230 K, usually ascribed to 
the movement of kinetic units containing amide groups; the 
v-peak near 120 K, which is linked with the motion of the alipha- 
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tic segments of the chains. The positions of these relaxation maxi- 
ma depend largely on the degree of crystallinity, the moisture 
content (311, 312) and the content of low-molecular-mass frac- 
tions in the polymer, and also on the frequency at which measure- 
ments are carried out. 

It has long been believed that no relaxation processes occur in 
polycapramide below the liquid-nitrogen temperature. It has 
been found, however, that as the temperature is lowered from 
71 K to 4.2 K the elastic moduli of polyamides monotonically 
increase, changing by no more than 10 per cent, while at the 
liquid-helium temperature they attain levels ranging from 10? to 
10* MPa. On the basis of such an increase in the elastic modulus 
one could suppose that in polyamides even in the helium-temper- 
ature region there may persist relaxation processes that make 
a noticeable contribution to the viscoelastic properties. À study 
of polycapramide carried out in recent years (313) in the tempera- 
ture range 4.2 to 300 K by the free torsional vibration method has 
led to the discovery of three, hitherto unknown loss peaks near 
the liquid-helium temperature. Apart from the maxima in the 
temperature dependence of the logarithmic decrement situated 
at 350 K (the a-peak), 230 K (the B-peak) and 120 K (the y-peak), 
new loss peaks at 53 К (the 6-peak) and at 20 К (the &-peak) 
have been detected; the existence of an ғ-реак below 4.2 K is 
also suspected. The temperature and intensity of the new maxima 
depend very much on the degree of orientation, anisotropy and 
the content of absorbed moisture. 

It is believed (313) that the Ó-relaxation cannot be caused by 
the motion of defects in the crystalline regions, as is the case with 
polyethylene, polyformaldehyde, and polyethylene terephthalate, 
since the height of the 6-peak in polycapramide diminishes with 
increasing orientation. According to Papir, Kapur and Rogers 
(313), this effect is associated with the motion of defects in the 
amorphous regions of the polymer. An increase in the ordering of 
the amorphous layer due to orientation leads to a decrease in the 
intensity of the Ó-peak. Since the -peak is observed only in poly- 
capramide samples with a considerable moisture content, it is 
assumed to be associated with mobility in ice aggregates in the 
amorphous regions. 

Polypropylene. The relaxation processes in polypropylene have 
been studied by many investigators (163, 316). The temperature 
dependence of the logarithmic decrement usually shows (315) 
three loss peaks situated at —70?C (y), near 0°C (В), and near 
100°C (о). The nature of the a-relaxation peak is not yet clear. 
The most intense D-peak is attributed to the unfreezing of segmen- 
tal motion in the amorphous regions of polypropylene. Its inten- 
sity decreases considerably with increasing degree of crystallinity. 
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The apparent activation energy of this relaxation process is 
167 kJ/mole. The weak y-peak is usually attributed to the torsion- 
al vibrations of a small number of CH}, CH and CH, groups in 
the amorphous regions (314). The activation energy corresponding 
to this relaxation process is 54.3 kJ/mole. 

The study of the dynamic mechanical properties of polypro- 
pylene at very low temperatures yields contradictory results (290, 
317, 318). Sinnott (317), while studying the viscoelastic behaviour 
of polypropylene on a torsion pendulum at helium temperatures, 
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FIG. 6.9. Temperature dependence of Young's modulus (1) and of the loss 
tangent (2) for polypropylene at v ~ 104 Hz (290 


came to the conclusion that there exist two loss maxima, one at 
19 K (6 Hz) and the other at 53 K (7 Hz). The results of later 
investigations (290) carried out at a frequency of about 10* Hz 
are presented in Fig. 6.9. It was found that in polypropylene in 
the temperature range 10 to 30 K (10 kHz) a blurred maximum with 
a flat top is observed. Prolonged annealing of isotactic polypropy- 
lene leads to a decrease in this peak of 20 per cent and an increase 
in the elastic modulus of 10 per cent. The loss maximum detect- 
ed by Sinnott at 53 K in a polypropylene sample with a degree of 
crystallinity of 75 per cent could not be found by Crissman et 
al. (290), either at this or other higher temperatures in either 
unannealed or annealed samples. 

The low-temperature loss peaks in polypropylene were attributed 
by Sinnott (317) to the hindered rotation of the methyl groups. 
This interpretation, however, does not agree with the results of 
investigations carried out by the NMR method (319). Until recent- 
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ly the true cause of the appearance of low-temperature loss peaks 
in polypropylene was not clear. 

Polymethyl Methacrylate. Many works have been devoted to 
the study of the dynamic mechanical properties of polyn.ethyl 
methacrylate at temperatures close to the liquid-helium tempera- 
ture (265, 290, 314). Crissman et al. (290) and Woodward (320) 
observed, at a frequency of about 10* Hz, a small loss maximum at 
a temperature of 5 K (Fig. 6.10). This had been predicted earlier 
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FIG. 6.10. Temperature dependence of E’ (7) and tan ô (2) for polymethyl 
methacrylate at v zz 10* Hz (290). 


by Sinnott (184, 317), who had carried out measurements at low 
frequencies. This loss maximum, according to Sinnott, is due to 
the motion of the ester methyl groups. 

One of the causes of the appearance of a loss peak at such low 
temperatures is probably the presence of impurities. This was 
pointed out by Woodward (320), who detected maxima at 40 and 
150 K when studying commercial samples of polymethyl metha- 
crylate. Gall and McCrum (321) have found that wetted samples 
of this polymer exhibit maxima at 190 K (v — 1 Hz). Purified 
samples of polymethyl methacrylate do not display such peaks; 
their presence in commercial samples mask relaxation processes 
that occur in a pure sample at very low temperatures. 

Extensive studies of polymethyl methacrylate carried out by 
the NMR method allow one to conclude that the lowest-tempera- 
ture loss peaks in this polymer are associated with the re-orienta- 
tional motion of the methyl groups. Data on the activation energy 
corresponding to this motion of the methyl groups are not usually 
quoted, since the low-temperature maximum in dynamic mechan- 
ical measurements is not completely resolved and, besides, 
a difference of opinions exists concerning the exact position of 
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the minimum of the spin-lattice relaxation time in investigations 
by the NMR method. 

It is, however, known (265) that the activation energy of the 
rotation of the methyl groups in polymethyl methacrylate at the 
lowest temperatures is 1.7-14.6 kJ/mole. It is supposed that the 
motion of the a-methyl groups in polymethyl methacrylate is 
hindered more strongly than is the motion of the CH, groups in 
the ester grouping. Obviously, the mobility of the methyl groups 
responsible for relaxation processes in the region of super-low 
temperatures cannot be regarded as classical rotation about the C, 
axis, since calculations (327) show that this rotation is impossible 
even at temperatures T < 40 K. At such temperatures the height 
of the barrier to rotation of the methyl groups is greater than 
8.36 kJ/mole, while the energy of CH, groups is much lower. 
Nonetheless, as has been shown by Stejskal and Gutowsky (251), 
in this temperature range a re-orientational quantum-mechanical 
tunnelling of the methyl groups through the potential barrier 
that hinders their rotation about the C, axis of symmetry is possi- 
ble. The quantum-mechanical tunnelling of CH, groups may be 
responsible for the viscoelastic relaxation at temperatures close to 
4.2 K in such polymers as polymethyl methacrylate and polypro- 
pylene. 

The problem of the viscoelastic behaviour of polymethyl metha- 
crylate at higher temperatures has been examined in detail (70, 
163, 314). 

Poly-4-Methy! Pentene-1. This polymer has a property unusual 
among polymers: the density (measured at room temperature) of 
an amorphous sample exceeds the density of a highly crystalline 
sample. X-ray (323, 324) and dilatometric (182) measurements 
show that the density of crystals of poly-4-methyl pentene-1 
varies within the limits of 0.81-0.83 Mg/m?, while the density of 
the amorphous layer is 0.838 Mg/m?. 

The study of the dynamic mechanical properties of poly-4-meth- 
yl pentene-1 at low temperatures (182, 265, 290, 325) has made 
it possible to detect the presence of loss maxima below the liquid- 
nitrogen temperature. The change in the dynamic elastic modulus 
of poly-4-methyl pentene-1 over the temperature range 4.2 to 
77 K is about 20 per cent, which points to the existence in this 
polymer at helium temperatures of quite an intense relaxation 
process. 

Indeed, Crissman et al. (290) and Woodward (318), while meas- 
uring the dynamic mechanical properties of poly-4-methyl pen- 
tene-1 at a frequency of 10 kHz, detected a small maximum of tan 6 
at 25 K (Fig. 6.11). They ascribed the appearance of this maxi- 
mum to the re-orientation of the methyl groups present in the side 
chains of the polymer. Later, Frosini and Woodward (325), while 
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carrying out measurements on a torsion pendulum, observed the 
same peak at 10 K and likewise attributed it to the vibrations of 
the CH, groups. The shift of this loss peak observed by Frosini 
and Woodward (325) towards lower temperatures is valid as com- 
pared with the results obtained by Crissman and his colleagues 
(290) since Frosini and Woodward made measurements at a lower 
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FIG. 6.11. Temperature dependence of Ё’, tan б, ЛАЗ, and T, (the spin- 
lattice relaxation time) for poly-4-methyl pentene-1 (265). 


frequency (2.9 Hz). In poly-4-methyl pentene-1 at higher temper- 
atures there is another, more intense y-peak observed at 120 K, 
in measurements conducted at 1 Hz and at 150 K (10* Hz). Such 
a shift of the loss maximum points to its relaxational nature. 

The results of dynamic mechanical investigations are in good 
agreement with NMR data (265, 326), according to which the 
minimum of the spin-relaxation time is situated at temperatures 
near 150 K. There is no difference of opinions as to the nature of 
the relaxation process observed in poly-4-methyl pentene-1 at 
150 K. It is believed that the factor responsible for its appearance 
is the rotation of both methyl groups in the side chains of this 
polymer. 

The sharp increase in the second moment (see Fig. 6.11) observed 
at temperatures down to 77 K is noteworthy. The absence of 
experimental data at lower temperatures does not allow one to 
draw final conclusions; nevertheless, we may suppose that this 
increase of AH? at T — 0 K must also occur at lower temperatures 
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and that this effect is associated with the re-orientation of the 
methyl groups, which persists at temperatures much lower 
than 77 K. 


6.3.1. THE MECHANISM OF VISCOELASTIC RELAXATION 
IN POLYMERS CONTAINING METHYL GROUPS 


The mechanism of viscoelastic relaxation at low temperatures 
in polymers containing methyl groups has been examined in 
detail by Reich and Eisenberg (326, 327). They noted that on the 
basis of the concepts of classical physics it is impossible to ac- 
count for the origin of the low-temperature loss maxima observed in 
the temperature range 5 to 60 K in polymers containing methyl 
groups. In fact, the appearance of these maxima is usually ascri- 
bed to the motion of methyl groups. Meanwhile, a simple calcu- 
lation shows that the height of the barrier that hinders the rota- 
tion of methyl groups exceeds 8.36 kJ and that at temperatures 
below 40 K classical rotation cannot be the mechanism behind 
viscoelastic relaxation, since the relative fraction of methyl groups 
whose energy is enough for the potential barrier to be overcome 
is 10-1. 

Eisenberg and Reich (326, 327) presumed that the quantum- 
mechanical tunnelling of methyl groups relative to the C; axis 
is the principal relaxation mechanism at low temperatures for 
polymers containing methyl groups. The relationship between 
molecular processes and external excitation becomes most 
pronounced when the relaxation frequency is of the same order 
as the frequency of external excitation. The average tunnelling 
frequencies for CH; groups at low temperatures with barrier 
heights ranging from 9.89 to 33.35 kJ have been calculated by 
Stejskal and Gutowsky (251). An analysis of the results of 
their calculations (251) shows that at low temperatures there 
correspond to tunnelling frequencies of 5-10* Hz barrier heights 
of the order of 16.7-33.4 kJ. These values coincide in order 
of magnitude with the parameters of the uncorrelated motion 
of methyl groups in solids (250). 

Proceeding from quantum-mechanical concepts, one can explain 
the main features of low-temperature loss peaks in polymers con- 
taining methyl groups. As has been shown by Stejskal and Gutow- 
sky (251), at temperatures below 70 K the tunnelling frequency 
of CH, groups is practically independent of temperature. As 
a consequence, even at very low temperatures there are always 
some methyl groups capable of tunnelling. Since specific potential 
barrier heights correspond to tunnelling frequencies that coincide 
with the frequency of external excitation (the frequency of low- 
frequency acoustic vibrations at which measurements are made), 
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then at the lowest temperatures tunnelling leads to a finite value 
of tan 6. 

At first sight it seems unclear why tunnelling should lead to 
the appearance of loss maxima in the temperature dependence of 
tan 6. In order to account for this phenomenon, one should take 
into account the following factors. As pointed out above, methyl 
groups keep tunnelling down to very low temperatures. It is natu- 
ral to presume that for real polymeric materials there is a distrib- 
ution of potential barrier heights which can be attributed, apart 
from other factors, to the environment of each methyl group. Near 
0 K only a small number of methyl groups are capable of tunnel- 
ling through the potential barrier at a frequency exactly coincid- 
ing with the frequency of external excitation. With a rise in 
temperature the structure of the polymer becomes more loose and 
an ever increasing number of methyl groups become capable of 
interacting with external excitation over a short time interval. 
Thus, the increase in tan 8 with temperature increasing from 0 K 
becomes understandable. 

With a further rise of temperature an ever increasing number of 
methyl groups assume an excited torsional state and the tunnel- 
ling frequencies begin to increase. As a result, the connection 
between tunnelling and external excitation is weakened and 
tan ó decreases. Thus, the appearance of low-temperature tan 6 
peaks in polymers containing methyl groups is the result of the 
competition of two processes: the increase in the number of tunnel- 
ling groups and the decrease in the connection between tunnelling 
and external excitation, which is caused by an increase in the 
tunnelling frequency. 

An essential point here is that tunnelling is not an activation 
process and it is pointless to determine the apparent activation 
energy from a log v — f (1/T) plot. 

The height of the potential barrier hindering the rotation of 
CH, groups depends on how these groups are attached to the main 
chain (326, 327). If the methyl groups are linked directly to the 
main chain (polypropylene, the «-methyl group in polymethyl 
methacrylate), the barrier height is 20-34 kJ. The presence of 
the C—O bond lowers the barrier height to 17 kJ (poly-4-methyl 
pentene-1, the ester methyl group in polymethyl methacrylate). 

At sufficiently high temperatures, tunnelling motion and clas- 
sical rotation may overlap. For example, if the height of the 
potential barrier is 43 kJ, both processes overlap at 7 — 170 K. 
In this case, the interpretation of experimental data becomes 
highly uncertain. 

Polystyrene. The dynamic mechanical properties of polysty- 
rene at low temperatures have been studied very thoroughly. While 
the first investigations (328, 329) did not reveal any transitions 
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other than glass-transition in polystyrene, in later works (318, 330) 
mention was more and more frequently made of the occurrence in 
this polymer of relaxation processes at low temperatures. For 
example, in the case of amorphous atactic polystyrene a loss 
maximum at 45 K at a frequency of 10 kHz (318) was detected. 

An analogous peak was observed (330) in an uncrystallized 
isotactic sample and in the same sample after annealing, as 
a result of which the polymer became partly crystalline. The 
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FIG. 6.12. Temperature dependence of G' (7) and G" (2) for polystyrene at 
' Hz (331). 
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annealing of isotactic polystyrene does not alter the position of 
this low-temperature maximum in the temperature dependence of 
the loss modulus, but it does increase the elastic modulus by 
10 per cent in the temperature range 4.2 to 150 K. These findings 
are in good agreement with the investigations carried out by 
Sinnott (317), who detected this transition at 38 K at a frequency 
of 5.6 Hz in a thoroughly purified sample of polystyrene. 
Chung and Sauer (331), while studying the secondary relaxa- 
tion processes in polymers containing phenyl groups, detected 
this relaxation peak at 33 K at a frequency of 1.7 Hz (Fig. 6.12). 
The activation energy of the corresponding relaxation process 
is 9.6 kJ/mole. Similar results have been obtained by Frosini 
and Woodward (325), who, using a torsion pendulum, observed 
this peak with an activation energy of 8.4 kJ/mole at 35 K (v = 
= 2.9 Hz). And, finally, Wada (332) observed the low-temperature 
6-peak in polystyrene at 55 К (v = 10 kHz). The dielectric 
measurements for polystyrene carried out by McCammon and Saba 
(225) at 1 MHz revealed the presence of the 6-relaxation peak at 
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46 K as well. The activation energy calculated in this case was 
found to be equal to 13.8 kJ/mole. 

The fact that this maximum has been detected in both dynamic 
mechanical and dielectric measurements is an indication of the 
common nature of mechanical and dielectric relaxations in poly- 
styrene at low temperatures. Yano and Wada (332) ascribe this 
loss maximum to the defects in the chemical structure arising 
from the existence of syndiotactic fragments between the isotactic 
links. A theoretical approach to the solution of this problem shows 
that the Ó-relaxation in polystyrene cannot be explained by rota- 
tion of the phenyl groups. 

Frosini and Woodward pointed out (325) that the low-temperature 
loss maximum in polystyrene can be caused by the presence of 
impurities. They detected loss peaks in commercial samples of 
polystyrene at 23 K and 99 K (v zz 1 Hz). It is most likely that 
impurities only shift the peaks typical of this polymer rather than 
cause the appearance of an additional loss maximum. 

It should be pointed out that Rees (33), apart from the 6-peak 
at 55 К, detected a lower-temperature e-peak at 25 К (v= 
— 10* Hz), the nature of which is not yet clear. 

Apart from the relaxation region which manifests itself in 
polystyrene at very low temperatures, several relaxation proc- 
esses have been detected, which occur at temperatures below T,. 
For example, Yano and Wada (332), using the results of measure- 
ments reduced to a frequency of 10 kHz, point out that below T, 
in polystyrene one observes the B-peak (350 K), which they ascribe 
to the local vibrations of the main chains, and the y-peak (180 K) 
which is assigned to the hindered rotation of the phenyl groups. 
The low-temperature relaxation maximum at 100 K (the y'-peak) 
is observed only in dielectric measurements in block polystyrene 
and is caused, according to these authors, by the presence of 
polar (ester) groups which sometimes arise in the polystyrene 
chain as a result of this polymerization. 

As the temperature is lowered and the molecular mobility is 
frozen the Young modulus and the shear modulus in polystyrene 
increase appreciably. When the temperature falls from 77 K to 
4.2 K, the dynamic moduli of polystyrene increase by about 
20 per cent (331). Such a large increase in the dynamic elastic 
moduli results from intense relaxation processes that occur in this 
polymer at low temperatures. 

Polyvinyl Chloride. The dynamic mechanical properties of 
atactic polyvinyl chloride, which is practically an amorphous 
polymer, have been studied by many investigators (181,333-340). 
Schmieder and Wolf (181), using a torsion pendulum, found that 
there are two loss maxima for polyvinyl chloride: the principal 
maximum (a-relaxation) at 90°C and the secondary maximum 
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(B-relaxation) at —30?C. The dynamic mechanical properties of 
polyvinyl chloride have been studied in detail by Perepechko (70), 
Pezzin and Pagliari (335) and Petersen and Rànby (337). Pezzin 
and Pagliari (335) have shown that the a-maximum in polyvinyl 
chloride lies near 90°C, but the authors could measure only the 
low-temperature branch of this peak. Using literature data and their 
experimental results, Pezzin and Pagliari constructed a log vm = 
= f (A/T) graph, from which they inferred that the apparent 





FIG. 6.13. Temperature dependence of tan 5 and E' for polyvinyl chloride 
at v zz 10* Hz (290). 


activation energy of the a-relaxation process in the temperature 
range 90 to 110°C remains nearly constant and equal to 334 kJ/mole, 
while at 75-80?C it is 840 kJ/mole. Thus, over the range 80- 
90?C there occurs a substantial change in the apparent activation 
energy. Since the glass-transition temperature of polyvinyl chlo- 
ride is about 80°C, it is obvious that the a-relaxation is caused by 
the unfreezing of segmental mobility of the micro-Brownian type. 

The loss maximum corresponding to f-relaxation was observed 
(335) at —10°C at a frequency of 100 Hz and at +-5°C (500 Hz). 
The activation energy determined from the log vm = f (1/T m) 
graph was found to be equal to 63 kJ/mole. The interpretation of 
this temperature transition remains controversial. Ishida (338) 
ascribes it to the vibration of dipolar C—Cl groups; Woodward and 
Sauer (341) attribute B-relaxation to the vibrations of small units 
of the main chain containing several carbon atoms. 
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The dynamic mechanical properties of polyvinyl chloride at 
lower temperatures have been investigated by Crissman, Sauer 
and Woodward (290) at frequencies of the order of 10* Hz. These 
authors observed a small loss maximum at 18 K (v — 7225 Hz) 
in the temperature dependence of tan 6 (Fig. 6.13). The presence 
of a low-temperature plateau en the tan 6 = f (Т) graph in the 
temperature range 25-50 K was somewhat unexpected. The nature 
of this low-temperature loss peak in polyvinyl chloride is not 
yet clear. 

The results of measurements of Young's modulus point to an 
almost linear dependence of this parameter on temperature, that 
is E' increases with decreasing temperature. At the lowest temper- 
atures this increase in É' is not strong, which, according to 
Sauer and Saba (265), is an indication of the low intensity of 
relaxation processes in this temperature region. 


CHAPTER 7 


THE ACOUSTICAL PROPERTIES OF POLYMERS 
AT LOW TEMPERATURES 


7.1. PROPAGATION OF ULTRASONIC WAVES 
IN DIELECTRICS 


The propagation and absorption of ultrasonic waves in dielect- 
rics at low temperatures depend, to a large extent, on the rela- 
tionship between the ultrasonic wavelength and the mean free 
path of phonons. If the ultrasonic wavelength À is small as com- 
pared with the mean free path of phonons, /, then the various 
phenomena attending the propagation of ultrasonic waves in 
a solid may be treated from the standpoint of the direct interaction 
between coherent (ultrasonic) and incoherent (thermal) phonons. 
Such an interaction has been discussed by Landau and Rumer (342). 
They have shown that the interaction between a coherent and 
a thermal phonon gives rise to a third phonon which acquires part 
of the energy of the sound wave. According to the Landau-Rumer 
theory, the damping of the ultrasonic wave caused by phonon proc- 
esses becomes substantial only at А < l, i.e., on the condition 
that оту >> 1, where о is the ultrasonic frequency and Ty is the 
characteristic time of phonons, corresponding to “Normal” proc- 
esses. In three-phonon processes of this kind the condition of 
conservation of pseudo-momentum must be fulfilled. 

The Landau-Rumer theory, however, in fact describes phenom- 
ena that take place during the propagation of hypersonic waves 
at sufficiently low temperatures. In many cases, the mean free 
path of phonons, £, in dielectrics is so small that when use ismade 
of the frequencies of the order of 106 to 108 Hz which are most 
frequently realized in experiments, the ultrasonic wavelength is 
found to be much larger than l. In this case, the condition À > l 
holds true and no direct interaction occurs between coherent and 
thermal phonons. 

The absorption of ultrasound in a case where À > l has been 
examined in detail by Akheizer (343). He considered the most 
frequently encountered conditions in which the ultrasonic wave- 
length is much larger than the mean free path of phonons. Accord- 
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ing to Akheizer, in the absence of the sound field the number of 
Debye phonons in a particular state is determined by the Planck 
distribution function. Upon application of the sound field the 
distribution function is altered and is no longer Planckian. The 
sound field brings thermal phonons out of the state of equilibrium 
and then, through mutual interaction, they relax back to their 
equilibrium state. In this case, the absorption of sound is caused 
by the interaction of the sound field with the entire assembly of 
thermal phonons rather than by the interaction between separate 
coherent phonons and thermal phonons. Thus, in solids at both 
low and high temperatures there occurs a nonlinear interaction 
between the sound wave and thermal phonons, which may be 
accompanied by the dissipation of energy. 

The idea put forward by Akheizer has been used to a certain 
extent by Woodruf and Ehrenreich (344), who treated the problem 
of the attenuation of sound at ot < 1. These authors also presume 
that an ultrasonic wave takes an assembly of thermal phonons out 
of the equilibrium state, after which, as a result of collisions, the 
energy is redistributed among the thermal phonons. The upset of 
the equilibrium state is considered to result from the modulation 
of the frequencies of all thermal phonons by the ultrasonic wave. 
The solution of the linearized Boltzmann equation gives the fol- 
lowing expression for the ultrasound absorption coefficient: 


CTR? 
A (1.1) 


where C, is the specific heat at constant volume; T is the tempera- 


ture; y is the averaged value of the Grüneisen constant; p is the 
density; c is the velocity of sound. 

It should be remarked that the dispersion and absorption of 
sound in solid dielectrics are governed by heat conduction as well 
as by a change in the distribution of phonons. At high tempera- 
tures both factors play the same role. At low temperatures, how- 
ever, the effect of heat conduction can be decisive. 

Gurevich and Efros (345) attempted to take into account the 
effect of thermal conduction on the absorption and velocity of 
sound in dielectrics. They tried to take account of the effect not 
only of “Normal” processes, in which the phononic pseudo-momen- 
tum is retained, but also of “Umklapp” processes, which take place 
when the law of conservation of pseudo-momentum is violated. 
In this case, by "Umklapp" processes were meant not only flip- 
over processes proper but any processes involving the scattering 
of phonons by lattice defects. Gurevich and Efros quite correctly 
pointed out that in order to describe the process of distribution of 
sound waves in dielectrics it is not enough to use expression (1.86) 
for the heat flux density vector. Indeed, if the temperature 
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gradient VT, which is a function of time, undergoes change in 
time £ < Ty (ту is the characteristic time of "Umklapp" proces- 
ses), then it is obvious that the simple relation between q and VT 
of type (1.86) no longer holds. Under these conditions there occurs 
a time-dependent dispersion of the thermal conductivity tensor. 
Note that this effect was first theoretically discussed in the litera- 
ture (346) in connection with the investigation of relaxation in 
gases and liquids. 

The other problems associated with the propagation of ultra- 
sound waves in dielectrics at low temperatures have been discussed 
in a number of works (347-354). Despite the fact that these 
works are concerned with phenomena which are important for an 
understanding of the propagation of ultrasound in all dielectrics 
(including polymers), they do not, strictly speaking, apply to 
polymeric materials, because they disregard viscoelastic proper- 
ties of polymers. 


7.2. THE PHENOMENOLOGICAL THEORY OF 
SOUND PROPAGATION 
IN POLYMERS 


One possible way of describing the propagation of ultrasonic 
waves in a viscoelastic medium is based on the use of the theory 
of elasticity and of the basic concepts of the thermodynamics of 
irreversible processes (70). 

Let us consider the propagation of a plane sound wave in a vis- 
coelastic heat-conducting medium. Thermal conductivity is usual- 
ly disregarded in the solution of problems of this kind. Thermal 
conductivity, however, is of vital importance when the propaga- 
tion of ultrasonic waves in polymers at low temperatures is being 
discussed. 

We choose, as the defining fundamental equations, the laws of 
conservation of mass, momentum, and energy, which can be given 
in the following form for a one-dimensional case: 





до Vx _ 
дї +0 дї =0 
Puy Oye — - 
ot ^ дт =0 (7.2) 
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where v, = u, is the velocity of the particles of the medium; 
u is the displacement of points in the body on deformation; Oxx 
is the diagonal term of the stress tensor; T is the temperature; 
C, is the specific heat at constant volume; В = (1/V) (0V/0T), is 
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the thermal expansion coefficient (V is the specific volume); p is 


the density of the medium; Kr = — V (dp/dV); is the isothermal 
bulk modulus; g, is the component of the heat flux density vector 
(9 = —xVvT). 


In order to integrate the system of equations (7.2) one must 
find expressions for the stress tensor с;һ and the heat flux density 


> 
vector q which would take account of the propagation of ultra- 
sonic waves in a viscoelastic medium. 

The stress tensor in an isotropic viscoelastic medium can be 
written in the form: 


Oik — Oy + Gin (7.3) 
where с;һ is the stress tensor of an elastic solid; oj, is the “dissipa- 
tive" stress tensor. 

It is known (353) that in an elastically deformed solid 


s= C), (7.4) 


where F is the;?Helmholtz free energy of the deformed body; uj, is 
the strain tensor. 

Since the "dissipative" stress tensor has the same form as the 
viscous stress tensor for liquids, it follows that 


Tin = — Kr B(T — To) 0, + 2G (ua — ёши) + 


+ K pui; + 2n ( шь -— m ua uubn, (7.5) 


where G is the shear modulus; ү = Gt, is the shear viscosity co- 
efficient (т, is the relaxation time); 1 = Кут, is the bulk viscos- 
ity coefficient (т, is the relaxation time). 

Expression (7.5) can be written in the following form: 


o= —KrB (T — T, ðn -S--Z--S'Z (7.6) 


One might expect that, as a result of the rapidly changing grad- 
ients that arise during the propagation of a sound wave, the val- 
ues of S', Z' and q would be different from the values of S,, Z, 
and q), which correspond to the steady-state gradients. Assuming 
that the deviations of S', Z' and q from Sj, Z, and q, are not 
large, we can write the following response equations (70, 354): 
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Having extended expressions (7.7), (7.8), and (7.9) to the case 
of an inhomogeneous material with an arbitrary number of re- 
laxation processes, one can show (70) that 





— ^ 0 x 
G, = — Ктр (T — To) + É = (7.10) 
Here the operator Ё is given by 
ї= +6 (7.14) 
where 
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In an analogous way, for the case of periodic harmonic processes 
we obtain: 


q= = Xo5/1 + iwts;) ҮТ (7.14) 
ј= 


Substituting expressions (7.10) and (7.14) into Eq. (7.2) and 
solving this system of equations, we can obtain (70) the following 
expression for the absorption coefficient and the velocity of prop- 
agation of a longitudinal sound wave in a viscoelastic medium: 
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where 
b? = = (7.18) 
сї = хз (7.19) 
(К, is the adiabatic bulk modulus). 
Passing to the continuous spectrum, we have: 
М Н 242 
pc? = pc? + f AC dx (7.20) 
0 
an 1 t Н (т) ox dt 
3x — 2p | 1+ от? (7.21) 
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where H (z) = + R, (z) + H, (v) + орн, (т), and each of the 
functions H, (x), Н, (т), and H, (т) represents the relaxation- 
time spectrum density. 

Thus, the use of the equations corresponding to the basic laws 
of conservation allows one to derive expressions for the absorption 
coefficient and the velocity of sound waves in viscoelastic heat- 
conducting media to which the majority of solid polymers belong. 

It can be shown (70) that the application of the response equa- 
tions to the components of the strain tensor yields the following 
expression for the velocity of sound: 





1 | L (т) dt (7.29) 
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where c, is the limiting (at wt + оо) frequency-independent value 
of the velocity of sound; L (x) is the retardation-time spectrum 
density. 


7.3. EXPERIMENTAL METHODS 
OF ACOUSTICAL MEASUREMENTS IN POLYMERS 


The velocity of ultrasound in polymers at low temperatures is 
usually measured by the pulse method (70, 122, 356-358). Pere- 
pechko, Sorokin and Golub (122, 355, 356) used the buffer-rod 
method (70). These authors measured the velocity of ultrasound at 
helium temperatures using the pulse-phase method. 

The block-diagram of the apparatus used for measuring ultra- 
sound by the pulse-phase method (122, 356) is shown in Fig. 7.1. 
The videopulse is fed from the first channel of a two-channel 
generator Z to the quartz transducer, which emits a packet of 
ultrasonic waves. The ultrasonic pulse passes through the first 
metal waveguide (a buffer rod), the test sample, and the second 
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metal waveguide, and is then converted, in the second transducer, 
to an electric pulse. This electric pulse is fed, through an attenu- 
ator, to the input of a wide-band amplifier, is amplified and then 
travels to an electronic oscillograph with a triggered sweep. At 
the same time, a bell-shaped pulse, produced from the videopulse 
with the aid of a passive RLC circuit, is fed into the attenuator 
from the second channel of the generator; the amplitude and dura- 
tion of such a comparison pulse are chosen so that they are equal 





FIG. 7.1. Diagram of an apparatus for measuring ultrasonic velocity by the 
pulse-phase method (122): 


1—two-channel pulse-generator; 2—attenuator, 3—wide-band amplifier; 4—oscillograph; 
5—passive LC-circuit shunted by resistance R; 6—piezoelectric;transducers; 7—buffer 
rods; $—sample, 


to the amplitude and duration of the first half-wave of the sound 
pulse. This comparison pulse lags behind the probing pulse by 
a time interval equal to the transit time of the acoustic pulse and 
travels antiphase. 

When the comparison pulse and the first half-wave of the sound 
pulse are superimposed, a zero-line is clearly recorded on the 
screen of the oscillograph. Knowing the transit time of the sound 
pulse, At, which is read off on the scale of generator 7, which 
has a calibrated time lag, and the length of the sample, d, one 
can easily find the velocity of the ultrasonic pulse in the test 
sample: 


d 
— (7.23) 


Since the sound pulse passes through the delay lines (buffer rods) 
and is delayed in them, it is necessary to take into account this 
delay. This is achieved by measuring the transit time of the pulse 
in the delay lines with the sample removed over the entire tem- 
perature range investigated. Then 


At = T— T (7:24) 


с 
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where т is the total transit time of the sound pulse; т, is the 
transit time of the same pulse in the delay lines without the sample. 
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FIG. 7.2. Cryostat for measuring ultrasonic velocity in polymers at helium 
temperatures: 


1—Dewar vessel filled with liquid nitrogen; 2—Dewar vessel filled with liquid helium; 
3—thin-walled tube of stainless steel; 4—quartz crystal holder; ó— buffer rod; 6— quartz 
erystal transducer; 7—damper; 8— pin; 9—sample; 10—quariz crystal holder casing; 
«—insulating bushing; 12—spring; 13— rubber sleeve; 14—top flange; 15— helium inlet; 
16—sea] bushing; 17— adapter nut; 18—bottom flange; 19— metal cylinder. 


The sample to be tested is placed, together with the buffer rods, 
in a cryostat (355, 356) (Fig. 7.2), which consists of a Dewar ves- 
sel 7 filled with liquid nitrogen, inside which there is a Dewar 
vessel 2 filled with liquid helium. Inside Dewar vessel 2 there is 
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a thin tube 3 of stainless steel. The lower end of this tube carries 
two quartz crystal holders 4 with buffer rods 5 made of stainless 
steel, the sample 9 being placed between the ends of the rods. In 
the tube are electrical cables and controlling and measuring 
thermocouples. The upper part of thin-walled tube 3 passes 
through a seal in a metallic cylinder which is hermetically 
connected with Dewar vessel 2 through a rubber coupling 73. 

The seal, which consists of an adapter nut /7 and a packing 
gland with a rubber bushing 76, makes it possible to move the 
tube with the quartz crystal holders in the direction of the tem- 
perature gradient inside the Dewar vessel, thereby changing the 
temperature of the sample. The driving mechanism, placed in the 
upper part of the cryostat on a metallic cylinder 19, consists of 
a reversible micromotor with a reduction gear, two guiding col- 
umns, a threaded rod rotated by the micromotor via the reduction 
gear, and a strip moving up and down along the thread of the 
rod. The strip in turn is rigidly connected with thin stainless- 
steel tube 3, which makes it possible for the tube to move in the 
direction of the temperature gradient inside the liquid helium- 
filled Dewar vessel. This results in a change in the temperature 
of the sample. 

The thermostatic control system (355, 356) is based on the 
principle suggested by Ponomarev (359), though used here for 
a wider temperature range. The thermostat system (Fig. 7.3) 
consists of a potentiometric circuit for measuring the temperature, 
a photocompensation amplifier, a power amplifier, and a mecha- 
nism used to move the measuring unit. A copper-constantan ther- 
mocouple is used as a temperature transducer for a temperature 
range of 4.2 to 240 K. 

The temperature control is effected as follows (355, 356). 
A d.c. voltage corresponding to the e.m.f. of the thermocouple is 
set up in the d.c. potentiometer for the temperature at which the 
measurements are to be made. The photocompensation amplifier 
(see Fig. 7.3) amplifies the unbalance signal, which is then fed to 
the power amplifier, which has two relays at the output. These 
Start the reversible motor and control the direction of rotation. 
Depending on the sign of the unbalance signal, one of the relays 
is closed and, accordingly, the motor moves the tube up or down, 
the upper part of the tube carrying a helium-filled Dewar vessel 
with two buffer rods with transducers and the test sample. When 
а copper-constantan thermocouple is used, the control system is 
able to maintain a constant temperature within the range 20- 
240 K with an accuracy of up to +0.05 K and within the range 
4.2-20 K with an accuracy of up to +0.1 K. 

The problem that arises in ultrasonic investigations of solids 
at low temperatures is to create a reliable acoustic contact between 
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the piezoelectric transducer and the sample. This is especially 
important for substances with high linear expansion coefficients 
(polymeric materials are precisely such substances). As a result 
of the difference in the linear expansion coefficients of the piezo- 
electric transducer (10-7) and the polymeric sample (10-5 to 10-9), 





FIG. 7.3. Thermostat system for helium temperatures: 


P—d.e. potentiometer; 4—photocompensation amplifier; PA—power amplifier; 
М —теүегѕ ірІе motor; U—unit for ultrasonic measurements. 


large internal stresses appear in the contact layer as the tempera- 
ture is lowered, which leads to the destruction of the transmitting 
layer and to the disappearance of the acoustic contact. 

Stryukov and Shchegolev (360) proposed using an organosilicon 
oil of grade ГКЖ-94 as the contact layer for the investigation of 
metals. In ultrasonic investigations of solid plastics carried out 
at helium temperatures the use of this oil, however, does not pro- 
duce the desired effect and the acoustic contact is broken at 130 K. 
Besides this organosilicon oil, other types of organosilicon liquids, 
organosilicon vaseline, epoxide resin, and Ramsay putty, were 
tested for this purpose. When these liquids and blends are used, 
the acoustic contact is broken at temperatures ranging from 120 
to 170 K. 

Finely ground raw talc with grade ГКЖ-94 oil as a binder in 
the ratio 2: 1 by mass was found to be most suitable for the pur- 
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pose (361, 362). The talc has a low coefficient of friction between 
its particles. Possibly, as the temperature is lowered and the 
polymeric sample is compressed. the talc particles slip over each 
other, the acoustic contact remaining intact. 

An even better acoustic contact is produced if a finely ground 
boron nitride powder is used as the filler instead of talc (363, 364). 
It has been found that in the temperature range 2.1 to 260 K 
a reliable acoustic contact is produced and a steady transmission 
of ultrasound through the polymeric sample is provided, at least 
in the frequency range 1 to 10 MHz. Using various materials as 
the contact layer in ultrasonic investigations of polymers at very 
low temperatures has shown that the most suitable binder is 
organosilicon oil of grade ГКЖ-94, with many substances being 
suitable as additives. [In general, many of the finely ground anti- 
friction additives (363, 364) that are usually introduced into 
polymers to reduce friction can be employed with the ГКЖ-94 oil. 


7.4. ULTRASONIC VELOCITY AND RELAXATION PROCESSES 
IN POLYMERS 


The results of numerous experimental investigations carried 
out at low and very high (hypersonic) frequencies show (70, 365, 
366) that the velocity of sound in polymers depends linearly on 
temperature and that only at those points where the mode of 
molecular motion is changed does the temperature coefficient of 
sound velocity change discontinuously. Thus, the unfreezing of 
this or that type of molecular motion can be judged from the kink 
in the temperature dependence of the velocity of sound. 

Usually, temperature transitions of the relaxation type, detect- 
ed from the kinks in the sound velocity vs. temperature curve 
are observed at lower temperatures than are the corresponding 
loss peaks. This is not surprising since the condition for the 
appearance of a maximum of tan 6 (or of the quantity ad, where a 
is the absorption coefficient and X is the wavelength of the sound 
wave) is the equality от = 1, this corresponding to the conditions 
under which the molecular motion is most intense. At the same 
time, the c — f (T) graph (c is the velocity of ultrasound) shows 
a kink at a temperature above which the velocity of sound begins 
to decrease appreciably. This kink in the c — f (T) graph cor- 
responds to the conditions under which a given type of molecular 
motion begins to be unfrozen (the low-temperature start of the 
relaxation process). There must correspond to such a kink in the 
c = f (T) curve the condition ov = N, where N > 1. It has 
been shown (70) that № = 10? to 10? for the glass-transition tem- 
perature of linear amorphous polymers, determined from a kink 
in the sound velocity vs. temperature curve. 
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If a temperature transition of the relaxation type is studied on 
the basis of a kink on the c = f (7) graph at several frequencies, 
this transition shifts towards higher temperatures with increasing 
frequency. Assuming that JV = const for a given relaxation 
mechanism and the temperature dependence of the relaxation 
time is given by expression (4.41), one can calculate the activation 
energy from the formula 


2.303 RT,T, log (03/01) 


g= Tat, 


(7.25) 
where U is the activation energy; R is the universal gas constant; 
T, and T, are the temperatures of transitions of the same type, 
measured from the kinks on the с = f (T) graphs at frequencies 
corresponding to о; and ө», respectively. 

Numerous experimental data (70) show that the activation 
energies determined from the shift of temperature transitions 
observed on the c — f (T) graph coincide, as the frequency is 
changed, with the U values found by ordinary methods (i.e., from 
the shift of tan ó peaks with changes in frequency). 

Thus, when studying the temperature dependence of the veloc- 
ity of ultrasound in polymers at several frequencies, one can 
obtain impoitant information on the mechanism of relaxation 
processes. 

The results of dynamic mechanical investigations, which were 
discussed in Chapter 6, show that loss maxima are observed for 
a number of polymers near the liquid-helium temperature and 
that for all polymers the dynamic elastic modulus increases as 
the temperature drops to 4.2 K. This is evidently an indication 
that relaxation processes can occur in polymers even at such low 
temperatures. This, however, refers to measurements carried out 
at frequencies not exceeding 10* Hz. 

In this connection, it was interesting to try to "unfreeze" re- 
laxation processes that can occur near 0 K by increasing the fre- 
quency of acoustic measurements by several orders of magnitude. 
A number of works which have recently been published are devoted 
to the study of the temperature dependence of the velocity of 
ultrasound in polymers at low temperatures and at frequencies 
of the order of 109 to 10" Hz. 

It has been found that according to the results of ultrasonic 
investigations conducted at helium temperatures all the poly- 
mers studied can be divided into three groups. 

(1) Linear crystalline polymers, such as polyethylene, poly- 
tetrafluoroethylene, a number of polyamides, polyvinylidene 
fluoride. The temperature dependence of the velocity of ultra- 
sound for all these polymers shows a region (a low-temperature 
plateau) near 4.2 K (122, 355, 367) where the velocity of sound is 
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independent of temperature until the liquid-helium temperature 
is reached. 

(2) Polymers containing methyl groups (polycarbonate, poly- 
propylene, polymethyl methacrylate, poly-4-methyl pentene-1). 
The velocity of ultrasound in these polymers continuously increa- 
ses up to 2.1-4.2 K. Besides, these polymers exhibit, even near 
4.2 K, a noticeable dispersion of sound velocity. It will be shown 
below that there are sufficient grounds for believing that for all 
these polymers down to temperatures approaching 0 K the process 
of viscoelastic relaxation caused by quantum-mechanical tunnel- 
ling transitions associated with the re-orientation of methyl 
groups is still taking place. 

(3) Polymers of the vinyl series, whose general chemical formu- 
la is [—CR,—CRR'—],, where R = hydrogen or fluorine atom, 
R' — chlorine or fluorine atom, or an aromatic ring. This group 
includes polymers such as polyvinyl fluoride, polyvinyl chloride, 
polytrifluorochloroethylene, polystyrene. Perhaps, the most com- 
mon feature of polymers in this group is the presence of an asym- 
metric potential barrier which hinders the rotation of individual 
units. As with polymers of the second group, the velocity of ultra- 
"uuu in these polymers increases as the temperature drops to 

.2 K. 


7.5. ULTRASONIC VELOCITY AND RELAXATION PROCESSES 
IN LINEAR CRYSTALLINE POLYMERS 
AT HELIUM TEMPERATURES. 
THE LOW-TEMPERATURE PLATEAU 


The results of the first ultrasonic investigations of polymers car- 
ried out near 4.2 K have revealed (355, 367) that for a number of 
linear polymers there exists a certain temperature Ttr below which 
the velocity of ultrasound is independent of temperature down to 
the lowest temperatures. Typical in this respect is the temperature 
dependence of the velocity of ultrasonic waves in polyethylene 
(Fig. 7.4). Apart from polyethylene, a low-temperature plateau 
near 4.2 K has been detected for polytetrafluoroethylene (122), 
polyformaldehyde (122), polyvinylidene fluoride, a number of 
polyamides (368), such as Nylon 6 (356), Nylon 7, Nylon 6,10 
(polyamide 68), Nylon 11 and Nylon 12 (polyamide 12). 

All polymers tha. show a low-temperature plateau are crystal- 
line. The degree of crystallinity has a quite definite effect on the 
extent of the plateau and the temperature 7,,: as the crystal- 
linity increases, so do the temperature T+, and the extent of the 
plateau. For example, with polyethylene, as the crystallinity 
increases from 46 to 74 per cent the temperature Ti, measured at 
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a frequency of 5 MHz for longitudinal waves increases from 100 to 
120 K; in the case of polycapramide (Nylon 6), as the crystal- 
linity changes from 34 to 46 per cent the temperature T, increases 
from 52 to 60 K. 

An analogous low-temperature plateau near 4.2 K is observed 
in the temperature dependence of the velocity of shear waves. 
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FIG. 7.4. Temperature dependence of the velocity of longitudinal and shear 
waves in low-pressure polyethylene: 


1— longitudinal waves at v = 5 MHz; n OMM. waves at v = 1 MHz; 3—shear wav- 
y = 


However, in the latter case the temperature 7, (and the extent 
of the plateau) is lower than in the temperature dependence of the 
velocity of longitudinal ultrasonic waves. In both cases, 7 
depends on the frequency of the ultrasonic waves for which mea- 
surements are made: T, increases with increasing ultrasonic fre- 
quency. For instance, with high-density polyethylene when measure- 
ments are carried out at a frequency of 1 MHz the temperature Tir 
is 110 К; at a frequency of 5 MHz it is equal to 120 K; for polycap- 
ramide Tx, is 54 K at a frequency of 1 MHz and 58 K at 5 MHz, 
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Another interesting feature has been observed (122, 356, 367, 
368): in the low-temperature plateau region there is practically 
no dispersion of the velocity of ultrasound. At the same time, at 
temperatures higher than Тү, there is observed, as a rule, a dis- 
persion of the ultrasound velocity. 

Thus, we can conclude that the temperature T, is a certain 
characteristic temperature of a polymer, below which the relaxa- 
tion spectrum of the polymer is completely unfrozen. 

Indeed, we know (70) that the sound velocity in a polymer can 
be given as follows: 


1 4 fü рт) d 
ee te | Ton (7.22) 


In the low-temperature plateau region at 7 — 0 K all the retar- 
dation times t, increase indefinitely, since at a first approxima- 
tion т; = AeU/RT, Thus, at T— 0 К the condition o1 —- оо 
(or, at least, wt >> 1) is valid. With this condition the second term 
on the right-hand side of Eq. (7.22) is negligibly small compared 
with 1/c and c == cç. It thus follows that if these conditions are 
satisfied (this occurring in the region of the low-temperature pla- 
teau) the velocity of sound cannot depend on either frequency or 
temperature, whereas the dependence on the degree of crystal- 
linity and orientation may still hold (70). 

Evidently, analogous conclusions can be arrived at if use is 
made of expressions (7.15) and (7.20) for the velocity of sound. 
Thus, the low-temperature plateau in polymers can be explained 
in terms of phenomenological relaxation theory as the limiting 
case of this theory. 

In this connection there arises the question of the mechanism of 
the relaxation process, which becomes unfrozen at T < Tir. 
According to the concepts of phenomenological relaxation theory, 
the lowest-temperature (or the highest-frequency) relaxation pro- 
cess is the relaxation of heat conduction. Formally, the effect of 
the relaxation process caused by heat conduction on the velocity 
of ultrasound in polymers at low temperatures can be described by 
using expressions (7.15) and (7.16). Let us consider the simplest case 

Suppose that at low temperatures all the relaxation times ту; 
and Tg; in formula (7.15) are so large that ot,; and wt; are much 
greater than unity; we also assume that all тз; vanish, except for 
the single value тз. Then formula (7.15) assumes the following 
form: 

o Do?"vav, 


С? = c? + bo + Co Tote (1.26) 


where T, = xs/c? is a certain characteristic time, usually termed 
the relaxation time of heat conduction. 
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Obviously, z; = 5314, where b, is a constant. To a first approx- 
imation, b, = 1 and w, = ty. From formula (7.26) it follows 
that in polymers at low temperatures a dispersion of ultrasonic 
velocity caused by heat conduction relaxation is possible. As the 
temperature drops further t, increases and at sufficiently low tem- 
reratures a situation where wt, >> 1 is possible. In this case 


c? = c? + b? -+ ct Db, (7.27) 


and the velocity of sound depends neither on the frequency o nor 
on т, i.e., it is independent of temperature. It is under these con- 
ditions that the low-temperature plateau will be observed in the 
temperature dependence of sound velocity. 

The use of phenomenological relaxation theory, however, does 
not allow us to elucidate the mechanism of the process and to 
estimate the limits of applicability of this theory. The question 
of the mechanism of the effect of heat conduction on the propaga- 
tion of sound in dielectrics has been examined by a number of 
investigators (345, 347, 369). An analysis of these works shows 
that relations such as (7.15), (7.26) and (7.27) still hold at low 
temperatures, even when the heat conduction in polymers is 
phononic in nature. The condition for their applicability (345) 
is the inequality тр « о < ty, where Ty is the characteristic 
time of "Umklapp" processes; ty is the characteristic time of 
“Normal” processes; œ is the ultrasonic frequency. We know that 
the most important role in heat conduction in polymers at low 
temperatures is played by “Umklapp” processes, which govern the 
finite thermal conductivity near 0 K. At low temperatures the 
characteristic time of "Normal" processes т y is considerably shor- 
ter than that of "Umklapp" (or flip-over) processes ty. It would 
be natural to suppose that the relaxation time v, coincides with 
ty in order of magnitude. 

Since the phononic mechanism of heat conduction is most prob- 
able in dielectric crystals, it becomes clear why Tır increases 
with increasing degree of crystallinity. Naturally, as the size of 
crystallites and their share of the total volume of a polymer in- 
crease, so does the characteristic time of phononic processes, since 
the mean free path of phonons becomes larger. As a result of an in- 
crease in T,, the condition oT,» 1 begins to be satisfied at lower 
frequencies or at higher temperatures. 

In view of this, the temperature Tu, might be expected to deter- 
mine the temperature region located at T < Tir, where the lowest- 
temperature relaxation process caused by heat conduction is found 
to be frozen. The processes of ó-relaxation (268-270) governed by 
the dislocation mechanism have probably not been observed at 
ultrasonic frequencies since in the latter case use was made of 
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unoriented isotropic samples which were annealed in the free, 
unclamped state. 

The temperature 7';, depends greatly on the chemical structure. 
The highest values of Тү. are shown by pol&mers that contain 
a sequence of identical linkages (polyethylene, polytetrafluoro- 
ethylene). The results obtained by measuring 7, on longitudinal 
and shear waves are shown in Table 7.1. 


TABLE 7.1. Temperature Transitions in Linear Crystalline Polymers near 
the Liquid-Helium Temperature (v —5 MHz) 











Longitudinal waves Shear waves 
Polymer 

Tip K | Tı, K | T2, K Tir K Tı, K | Te, K 
Polyethylene, high-density 120 180 — 90 170 | — 
Polyethylene, low-density 100 170 — 88 160 — 
Polytetrafluoroethylene 80 160 | 200 60 150 | 187 
Polyvinylidene fluoride 25 150 — 15 135 — 
Polyformaldehyde 20 160 | 220 20 140 | 210 
Nylon 6 58 160 | 235 42 142 | 214 
Nylon 7 53 153 | 214 30 130 | 192 
Nylon 6,10 40 145 | 247 33 129 | 195 
Nylon 11 30 133 | 190 25 124 | 178 
Nylon 12 35 133 | 183 28 117 | 170 





It is interesting that the change from hydrogen to fluorine atoms 
in moving from polyethylene to polytetrafluoroethylene dimin- 
ishes the extent of the low-temperature plateau by 40 K. An even 
greater decrease in 7, is brought about by the introduction into 
the main chain of the polymer of oxygen atoms which alternate 
with carbon atoms. For example, in passing from polyethylene to 
polyformaldehyde the temperature Тү, decreases by 100 K. 
For polyamides, Ttr decreases, as a rule, with increasing length of 
the aliphatic component in the repeat unit of the polymer. The 
only exception is the level of T,, in the case of Nylon 12. 

The activation energy of the relaxation process associated with 
Ty, is 8.4-16.7 kJ/mole. For example, for high-density polyethylene 
U = 17.5 kJ/mole, and for cured polycapramide U = 7.5 kJ/mole. 

From Table 7.1 it can be seen that the values of Ti, measured 
for shearing waves are lower than those obtained by measurements 
made for longitudinal waves. This confirms that the relaxation 
process that is evident in the temperature dependence of sound 
velocity at T, is caused by flip-over ("Umklapp") processes, which 
govern the character of the temperature dependence of thermal 
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conductivity (see Chapter 2). As the temperature drops (at 7 — 
— 0 K) the *Umklapp" processes become frozen, since the energy 
of non-equilibrium phonons is no longer sufficient for these pro- 
cesses to be realized. From the microscopic theory of heat conduc- 
tion (82) it follows that for transverse acoustic modes the “Um- 
klapp” processes must be frozen at lower temperatures than for 
longitudinal modes. Thus, the results of the ultrasonic investiga- 
tions of linear crystalline polymers carried out at low tempera- 
tures agree well with those predicted by the modern theory of heat 
conduction. 

In addition to Тү, in the temperature range 130 to 180 K there 
is another temperature transition (7,) on the c = f (T) graph for 
each polymer of the first group. Besides, for most polymers (except 
for polyethylene and polyvinylidene fluoride) there is still an- 
other temperature transition (7,) in the temperature range 180- 
230 K. 

Polyethylene. For high-density polyethylene (122) (p — 
= 0.964 Mg/m?, х = 74 per cent), apart from T, (see Table 7.2) 
there is a temperature transition at 180 K on the graph of c against 
T (v — 5 MHz) (see Fig. 7.4). Above 7, — 180 K the absolute 
value of the temperature coefficient of longitudinal ultrasonic 
waves is | Ac/AT | = 8.8 m/(s-K). The activation energy corres- 
ponding to this temperature transition of the relaxation type is 
36.4 kJ/mole. For low-density polyethylene (p — 0.92 Mg/m?, 
x = 46 per cent) this transition is observed for longitudinal waves 
(v — 5 MHz) at T, — 170 K. At T — T, the temperature coeffi - 
cient of sound velocity is somewhat higher than that for a more 
amorphous sample of polyethylene. This is an indication that the 
given relaxation process is most likely to be caused by mobility 
in the amorphous revions. Evidently, the temperature transition 
observed in polyethylene at ultrasonic frequencies at 170-180 K 
indicates the start of the y-relaxation process. In measurements 
on a torsion pendulum (v — 1 Hz) this transitionleads to the 
appearance of a tan 6 peak at 150 K (see Chapter 6). Naturally, 
in measurements carried out at ultrasonic frequencies this tem- 
perature transition will be observed at higher temperatures. 

A typical feature of polyethylene is a considerable increase in 
the velocity of sound in passing from room temperature to the 
liquid-helium temperature. For example, the velocity of longitu- 
dinal ultrasonic waves (v — 5 MHz) in high-density polyethylene 
increases by 45 per cent (from 2540 to 3690 m/s) and the velocity 
of transverse waves by 66 per cent (from 1180 m/s at 293 K to 
1960 m/s in the low-temperature plateau region). The velocity of 
longitudinal and transverse ultrasonic waves in high-pressure 
polyethylene undergoes an even stronger change (by 58 and 83 per 
cent, respectively). The velocities of longitudinal waves, c;, in 
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low- and high-density polyethylene are very high in the low- 
temperature plateau region (3740 and 3690 m/s, respectively). 
These values are close to the velocity of sound in some metals 
(say, copper) measured at room temperature. 
Polytetrafluoroethylene. As well as Тү. = 80 K, for polytetra- 
fluoroethylene (p — 2.141 Mg/m?, x — 39 per cent) there are also 
temperature transitions (122, 370) at T, = 160 К and T, = 


25 

3 xx 

2 | 8.7 io И 
2 2I $ 35 ! E 
as / ^ Є `x 
D 19 pa 33 A2 
ә 77 © 

; 2.1 2 

13 2 

1] | 1.9 

0.9 Ç 17 

O ^0 80 120 160 200 290 0 40 60 120 160 200 240 
LN 7,K 


FIG. 7.5. Temperature dependence FIG. 7.6. Temperature dependence 
of ultrasonic velocity for polytetra- of ultrasonic velocity for polyfor- 
fluoroethylene at v — 5 MHz: maldehyde at v — 5 MHz: 


J—longitudinal waves; 2—shear waves. I—longitudinal waves; 2— shear waves. 


= 200 K (Fig. 7.5). The activation energies of the relaxation 
processes corresponding to these transitions are 7.5, 32.2, and 
50.2 kJ/mole. 

The temperature transition at 160 K is brought about by the 
piocess of y-relaxation. The transition at 200 K probably corres- 
ponds to the glass-transition temperature of the amorphous regions 
of the polymer measured at a frequency of 5 MHz and is associat- 
ed with the unfreezing of the micro-Brownian motion in the amor- 
phous layer. In low-frequency measurements (v = 200 Hz) this 
transition is observed (70) at 163 K. As with polyethylene, so 
with polytetrafluoroethylene the velocity of propagation of longi- 
tudinal and transverse waves increases considerably (by 65 per 
cent) in passing from room temperature to the liquid-helium tem- 
perature. In the low-temperature plateau region, (and, hence, at 
4.2 K), however, the velocities of longitudinal and shear waves 
in polytetrafluoroethylene are relatively low (2330 and 1180 m/s, 
respectively) as compared with polyethylene. 

Polyformaldehyde. As well as Ti, = 20 K, in polyformalde- 
hyde (p = 1.43 Mg/m?, x = 74 per cent) there are also tempera- 
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ture transitions (122) at 160 and 220 K, which have been detected 
in measurements on longitudinal ultrasonic waves at a frequency 
of 5 MHz (Fig. 7.6). These temperature transitions are in good 
agreement with two low-temperature tan 6 peaks (at 193 and 221 K) 
detected (70) in measurements at a frequency of 200 Hz. The 





“0 87 760 240 


FIG. 7.7. Temperature dependence of the velocity of longitudinal ultrasonic 
waves for polyamides at v= 5 MHz: 


1—Nylon 6; 2—Nylon 6, 10; 3—Nylon 7; 4— Nylon 12; 5—Nylon 11. 


temperature transition at 160 K is probably due to the rotation 
of the terminal groups or the motion of several repeat units of the 
main chain in the amorphous regions. The activation energy of the 
relaxation process that begins to be unfrozen at 160 K is 15 kJ/mole. 

The transition at 220 K corresponds to the glass-transition tem- 
perature of polyformaldehyde measured at 5 MHz (the apparent 
activation energy being 62.7 kJ/mole). In low-frequency (v zç 
zz 200 Hz) measurements (70) the value of T, found from the 
c — f (T) graph, is 193 K. 

When the temperature moves from 293 to 4.2 K, the velocities 
of longitudinal and transverse ultrasonic waves in polyformal- 
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dehyde increase by about 40 per cent and reach quite high values 
(3730 and 1950 m/s) near 0 K. 

Polyamides. The velocities of longitudinal and transverse ultra- 
sonic waves in a number of crystalline polyamides (Nylon 6, 
Nylon 7, Nylon 6,10, Nylon 11. and Nylon 12) were measured 
(356, 368) at frequencies 1 and 5 MHz in the temperature range 
2.4 to 240 K. The results of the measurements show (Fig. 7.7) 
that the velocities of longitudinal utrasonic waves in polyamides 
at 4.2 K range from 3400 to 3500 m/s, the velocity of sound in 
polymers with short aliphatic linkages (Nylon 6, Nylon 6,10, 
Nylon 7) being higher than that in polyamides with longer ali- 
phatic fragments (Nylon 12 and Nylon 11). 

The velocities of transverse ultrasonic waves, c;, measured at 
4.2 K do not obey this rule. The velocity of transverse waves has 
been found to be greater in Nylon 6,10 and Nylon 7. The veloci- 
ties с, in Nylon 6, Nylon 12 and Nylon 11 differ insignificantly 
from one another but they are much lower. This difference in the 
acoustical properties of the nylons points to the important role of 
the hydrogen bonds formed between the amide groups of neigh- 
bouring chains during the propagation of shear waves. 

For all the polyamides mentioned above a temperature transi- 
tion appears at temperatures between 130 and 160 K on the 
c — f (T) graph, detected by a change in the temperature coeffi- 
cient of sound velocity. Besides, in the range 180 to 235 K another 
temperature transition has been detected in polyamides. The tem- 
peratures corresponding to these transitions are given in Table 7.2 
for each of the polyamides. 


TABLE 7.2. Transition Temperatures, Activation Energies, and Absolute 
Values of the Temperature Coefficients of Ultrasonic Velocity in Polyamides 
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Nylon 6 58 | 1.27 9.2 |160|4.27|41.0|235|5.35| 79.5 
Nylon 7 53 1.25 8.8 1153|4.29|43.5|214| 5.77| 84.0 
Nylon 11 30 1.16 5.8 |433|4.0 146.0 | 183 ! 7.80 | 78.5 
Nylon 12 35 1.02 5.0 [133 | 3.60 | 26.0 | 19016.84 | 72.5 
Nylon 6,10 40 1.05 6.7 |145 | 4.30 | 45.0] 21715.22| 76.5 


7.5. RELAXATION AT HELIUM TEMPERATURES 227 


It should be noted that for polymers containing a larger number 
of methylene groups in the repeat unit the transitions are found 
in the lower temperature region, decreasing from 160 and 235 K 
(Nylon 6) to 133 and 190 K (Nylon 12) in measurements on longi- 
tudinal waves (v = 5 MHz). 

The activation energies of the transitions and their positions 
on the temperature scale (see Table 7.2) allow one to state that the 
processes that occur in polyamides over the temperature range 130 
to 160 K are y-relaxations and those taking place at temperatures 
180-235 K are p-relaxations. 

It is commonly believed (70, 165, 265) that the temperature 
transition corresponding to the y-relaxation process in polyamides 
results from the unfreezing of the mobility of a small number of 
methylene groups in the main chain of these polymers. Evidently, 
the B-relaxation process is induced by the motion of chain lengths 
containing amide groups which are not linked via hydrogen bonds 
to the equivalent groups of the adjacent macromolecules. We know 
that the B-relaxation process occurs in the amorphous regions of 
a polymer. 

It is interesting to trace the change in the activation energy of 
the y-relaxation process occurring in polyamides. Kawaguchi (371) 
noted that with an increase in the length of the aliphatic frag- 
ment in the repeat unit of the nylons the activation energy corres- 
ponding to the y-transition increases. On the contrary, Pere- 
pechko has shown (70) that the value of U for this transition in Ny- 
lon 6 is higher than that in Nylon 12. The results of ultrasonic 
investigations (368) show that the activation energy of the y-pro- 
cess in different polyamides remains practically unaltered, rang- 
ing from 42 to 46 kJ/mole (see Table 7.2). 

If one proceeds from the interpretation of the y-relaxation 
taking place in polyamides as being the result of the motion of 
three or more methylene groups in the main chain, then the con- 
stant value of activation energy for this process, in nylons with 
different lengths of methylene chains, can be regarded as resulting 
from the mobility of identical kinetic units of the polymeric 
chains. This is also evidenced by the value of the temperature coef- 
ficient of sound velocity, which is approximately the same for all 
polyamides in temperature regions lying above the temperature of 
the y-transition. 

The activation energy of the D-relaxation process in polyamides, 
as calculated from the results of ultrasonic investigations (368), 
is 71 to 83 kJ/mole. As the number of CH, groups in the repeat 
unit diminishes there is a tendency for the activation energy to 
increase. But the values of U for nylons with an even number of 
methylene groups in the repeat unit appear to be somewhat higher 
than in polyamides with an odd number of CH, groups. 
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This phenomenon is probably associated with the fact that in 
nylons with an odd number of CH, groups in the repeat unit only 
part of the hydrogen bonds are formed between the amide groups 
of neighbouring chains, while in nylons with an even number of 
methylene groups all the amide groups tend to form hydrogen 
bridges. Hence, it is clear that in the latter case the energy of 
intermolecular interaction in polyamides, being due to a larger 
number of hydrogen bonds, will be higher and a larger amount of 
activation energy will be needed to overcome the potential barrier 
hindering the motion responsible for B-relaxation. 


7.6. ULTRASONIC VELOCITY AND RELAXATION PROCESSES 
IN POLYMERS CONTAINING METHYL GROUPS 


{t has recently been established experimentally (367, 372) 
that, in contrast to polymers of the first group (see page 217), in 
all the polymers studied which contain methyl goups, the velocity 
of ultrasound increases as the temperature falls to 4.2 K. Such 
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FIG. 7.8. Temperature dependence of the velocity of longitudinal ultrasonic 


waves at v = 5 MHz for polypropylene (1), epoxide resin ӘД-5 (2), and 
polycarbonate (3). 


a dependence of the velocity of ultrasound on temperature has 
been found for polycarbonate, polypropylene, epoxide resin 
ЭД-5 (based on bisphenol A) cured with metaphenylene diamine 
(Fig. 7.8), polymethyl methacrylate (Fig. 7.9) and poly-4- 
methyl pentene-1. : 
The noticeable increase in ultrasound velocity with decrease in 
temperature to 0 K is difficult to explain in terms of classical 
phenomenological relaxation theory. An increase in the velocity 
of ultrasound in polymers containing methyl groups is accompanied 
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by dispersion as 0K is approached. Characteristic in this 
respect are the results of measurements of ultrasound velocity 
in polymethyl methacrylate (see Fig. 7.9), from which it follows 
that the dispersion of the velocity of ultrasound is retained in this 
polymer even at 2.1 K, reaching 6 per cent with longitudinal waves 
and 4 per cent with shear waves. This exceeds several times the 
possible relative experimental error. 
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FIG. 7.9. Temperature dependence of the velocity of longitudinal (7, 2) 
and shear (7', 2’) ultrasonic waves in polymethyl methacrylate at v = 1 MHz 
(1, 1’) and v = 5 MHz (2, 2^). 


The presence of dispersion and the increase in ultrasound veloc- 
ity at 7 — 0 K indicate that polymers containing methyl groups 
can undergo viscoelastic relaxation even at the lowest tempera- 
tures. 

It has already been noted (Chapter 6) that low-frequency measure- 
ments for polymers containing methyl groups reveal tan ô peaks 
near 4.2 K. These were ascribed to the classical rotation of 
methylgroups. Eisenberg and Reich (322, 326, 327) have shown, 
however, that this explanation is incorrect, because below 40 K 
CH, groups cannot undergo classical rotation since the height of 
the barrier to their rotation is 8.4 kJ/mole and the energy of 
methyl groups is much lower at these temperatures. These authors 
advanced a hypothesis that the low-temperature (low-frequency) 
loss maxima for polymers containing methyl groups are caused by 
the re-orientation of methyl groups as a result of quantum-mecha- 
nical tunnelling transitions. Eisenberg and Reich pointed to the 
most important feature of relaxation processes of this type, em- 
phasizing that they are not thermal-activation processes, and 
applied successfully the Stejskal-Gutowsky theory (251) (see Chap- 
ter 5) to the description of these processes. 
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The mechanism of energy dissipation during viscoelastic re- 
laxation due to the re-orientational motion of CH, groups resulting 
from their quantum-mechanical tunnelling remains obscure in 
their treatment. Indeed, if a methyl group jumps from one poten- 
tial well to another in such a way that the energies of the torsional 
rotators in both states are identical, then such a process will not 
be associated with viscoelastic relaxation. 

In this connection Eisenberg and Reich (373) resorted to the 
concept of the "inelastic" tunnelling of methyl groups. They as- 
sumed that. when acoustical vibrations are propagating in a polymer 
under the influence of mechanical excitation there occurs a modu- 
lation of the height of the potential barrier hindering the rotation 
of CH, groups with the frequency of external (sound or ultra- 
sound) excitation. The change in the barrier height is associated 
with the change in the energy of the torsional states of methyl 
rotators. If the tunnelling transition caused by the re-orientation 
of CH, groups occurs between two identical torsional states whose 
energies are only slightly different (the energy difference being due 
to the modulation of the barrier height under the action of the 
Stress field), then this energy difference leads to the emission of 
a phonon upon tunnelling. The fate of this phonon will depend on 
whether it is coherent with the external ultrasound field applied 
to the sample. If thermal and ultrasound phonons are coherent, 
their interaction will be elastic and will not lead to the viscoelas- 
tic relaxation associated with energy dissipation. But since tun- 
nelling is a random process, the phonons emitted will be incoher- 
ent with external excitation. The inelastic interactions of these 
phonons with other thermal phonons will result in the conversion 
of part of the energy of ultrasound excitation into heat. Reich and 
Eisenberg coined the term "inelastic" tunnelling for such a process. 

It should be noted that if tunnelling occurs between energy 
levels of equal energy, no phonons will be emitted. Thus, the 
viscoelastic relaxation due to quantum-mechanical tunnelling 
is possible only upon application of an external field modulating 
the height of the potential barrier. On the other hand, if the poten- 
tial barrier is modulated and no tunnelling occurs, the process will 
be completely elastic and will not lead to energy dissipation. 

Using the concept of "inelastic" tunnelling, Reich and Eisen- 
berg (373) showed that the relaxation process induced by the tun- 
nelling of CH, groups is associated with phonon-phonon interac- 
tion. It is believed that upon propagation of sound (or ultrasonic) 
vibrations in a polymer the height of the potential barrier hinder- 
ing the rotation of methyl groups is periodically modulated with 
the frequency of external excitation. As a result, the energy of 
the vibrational states of methyl rotators is somewhat changed. The 
tunnelling of CH, groups between two nearly identical vibrational 
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States, whose energies are only slightly different due to the 
modulation of the potential barrier, involves the emission of 
phonons. 

An estimate of the change in the vibrational energy of the 
methyl rotator resulting from acoustic excitation shows that the 
energy change is of the same order as the energy of the most pro- 
bable phonon at low temperatures. Since the emission of a phonon 
is a random process, the phonon is incoherent for ultrasonic pho- 
nons. The phonons emitted upon tunnelling interact inelastically 
with the thermal phonons of the sample, this leading to the dis- 
sipation of the energy of ultrasonic vibrations. 

The results of measurements of the velocity of ultrasonic waves 
(367, 372) show that the c — f (T) graph plotted for polymers con- 
taining methyl groups shows a temperature transition in the 
temperature range 150 to 180 K (Table 7.3). The temperature of 
this transition 7, shifts towards higher temperatures with increas- 
ing frequency, this being indicative of the relaxation nature of 
the process. The activation energy of the relaxation process corres- 
ponding to this temperature transition is about 12.5 kJ/mole. 


TABLE 7.3. Values of T, and U, and Velocities of Longitudinal and Shear 
Waves in Polymers Containing Methyl Groups 











Polymer Ti, K Uy, kJ/mole ср, m/s | cy, m/s 
Polypropylene 160 12.1 3420 1750 
Polycarbonate 170 13.4 2960 1350 
Epoxide resin 3/l-5 180 15.0 3360 1640 
Poly-4-methyl pentene-1 150 14.2 2720 1240 
Polymethyl methacry- 

late 165 17.6 3160 1630 


With this in mind, one naturally assumes that the given transi- 
tion is associated with the unfreezing of the classical rotation of 
CH, groups. This inference is consistent with the results of NMR 
investigations (see Chapter 5), which have shown that an abrupt 
change in the second moment in the temperature range 120 to 
190 K is associated with the rotation of methyl groups. 

Since in measurements using longitudinal waves (v = 5 MHz) 
the relaxation process due to the rotation of methyl groups below 
160 K does not manifest itself, it is evident that further increases 
in sound velocity following a decrease in temperature and its 
dispersion are most likely to be associated with the relaxation 
process induced by quantum-mechanical tunnelling. 


16—0724 
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A typical feature of polymers containing methyl groups is that 
at liquid-helium temperatures they exhibit lower velocities of 
longitudinal ultrasonic waves than do linear crystalline polymers 
for which there is a low-temperature plateau. 


7.7. ULTRASONIC VELOCITY AND RELAXATION PROCESSES 
IN POLYMERS WITH AN ASYMMETRIC POTENTIAL BARRIER 


This group of polymers include vinyl polymers of the type 
[—CR,—CRR' —],, where R = hydrogen or fluorine atom and 
R' — chlorine or fluorine atom or an aromatic nucleus. The exist- 
ence of an asymmetric centre in such macromolecules gives rise to 
a difference between the left- and 
right-hand rotations (374). The 
interactions caused by the rota- 
tions p and — Фф about the main 
chain differ from each other, which 
makes it possible to distinguish 
an asymmetric chain from a sym- 
metric one. The alternation of 
two different types of atoms (or 
groups of atoms) attached to the 
main chain of a polymer usually 
leads to the appearance of an 
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dence of the velocity of longitudinal 
(1, 2, 3) and shear (Z', 2’, 3^) 
ultrasonic waves at v — 5 MHz 
in polyvinyl chloride (7, 7"), poly- 
vinyl fluoride (2, 2’) and polysty- 


rium state. The asymmetry of the 
potential barrier is characterized 
by the existence of two potential 
energy minima, differing in mag- 


rene (3, 3"). nitude. Typical representatives 

of such polymers are polyvinyl 

chloride, polyvinyl fluoride, polytrifluorochloroethylene and 

polystyrene, whose acoustical properties near 4.2 K are known 
(370, 375). 


It has been found that for all these polymers the velocities of 
longitudinal and shear ultrasonic waves measured at 5 MHz 
(Fig. 7.10) and 1 MHz increase as the temperature falls to 4.2 K. 
For all the polymers listed above the dispersion of the velocities 
of longitudinal and shear waves persists at temperatures down to 
the liquid-helium temperature. The relative change in the velocity 
of ultrasound, Ac/c, with a five-fold change in frequency (from 1 
to 5 MHz) in some polymers at 4.2 K is as follows for longitudinal 
and shear waves, respectively: 6 and 5 per cent for polyvinyl chlo- 
ride; 4 and 6 per cent for polyvinyl fluoride; 3 and 3 per cent for 
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polystyrene. An increase in the ultrasound velocity with decrease 
in temperature to 4.2 K and appreciable dispersion are indications 
of the occurrence in these polymers of a relaxation process which 
is retained at 4.2 K. At present, no unambiguous explanation can 
be given for this phenomenon on the basis of the available experi- 
mental data (370, 375). Nevertheless, some possible causes can 
be suggested. 

The possibility cannot be excluded that viscoelastic relaxation 
near 4.2 K in polymers with an asymmetric potential barrier is 
provoked by the quantum-mechanical tunnelling of chlorine or 
fluorine atoms or an aromatic ring C,H; (phenyl group) attached 
as pendant groups to the main chain. Tunnelling can probably 
produce the re-orientation of Cl, F and C,H, (torsional vibrations 
or side rocking) even at very low temperatures. Indeed, Das (250) 
has shown theoretically that quantum-mechanical tunnelling 
transitions may occur as a result of the motion not only of methyl 
groups but also of bulkier (say, G,H,) groups or heavy halogen 
atoms. 

The viscoelastic relaxation detected in polymers with an asym- 
metric potential barrier near 4.2 K (370, 375) can also be caused 
by heat conduction. If we assume that for the frequencies (1 and 
5 MHz) used in experiments (370, 375) the value of т, = тз is so 
small that the condition oc,» 1 is not fulfilled, then the dis- 
persion and increase in ultrasonic velocity can be expected to occur 
near 4.2 K with a decrease in temperature, as a result of the heat 
conduction relaxation. 

A third possible mechanism is the hysteresis process of the vis- 
coelastic behaviour of polymers with an asymmetric potential 
barrier. The molecular mechanism of hysteresis! processes proposed 
by Golub and Perepechko (376) and by Hartman and Jarzynski 
(394) is based on the assumption that in polymers there exist a 
large number of local minima of the potential energy corresponding 
to metastable states. It is assumed that under the action of the 
appliedjmechanica] stress induced by an ultrasonic wave the kinet- 
ic units of polymeric chains undergo some re-orientation. After 
the stress is removed not all the kinetic units revert to a state cor- 
responding to their original orientation. Some of them appear to be 
captured by metastable states corresponding toj;certain particular 
minima of the potential energy. Hartman and Jarzynski (394) 
have shown that the absorption о per wavelength A depends on the 
amount of free volume and increases with decreasing volume: 


aà = а — bV (7.28) 
where V is the specific volume of the polymer; a and b are positive 


constants. 
16* 
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Hartman and Jarzynski (394) derived no formula taking ac- 
count of the change in the velocity of ultrasound caused by hystere- 
sis phenomena; nevertheless, the possibility cannot be excluded 
that the viscoelastic behaviour of polymers with an asymmetric 
potential barrier at 7 — 0 K is connected with hysteresis phe- 
nomena. 

A curious regularity attracts attention: while polymers of the 
first group (showing a low-temperature plateau) have very high 
velocities of longitudinal (3400-3700 m/s) and shear (1600- 
2000 m/s) waves at the liquid-helium temperature, polymers of 
the third group (with an asymmetric potential barrier) display 
the lowest values of с; (2800-2900 m/s) and c, (about 1400 m/s). 
The intermediate position in this series is occupied by polymers 
of the second group, which contain methyl groups: for these poly- 
mers c; is 3100-3400 m/s and c, is 1400-1850 m/s. Exceptions to 
this rule are polytetrafluoroethylene (c; = 2330 m/s at 4.2 K), 
poly-4-methyl pentene-1 (c; = 2720 m/s) and polytrifluorochloro- 
ethylene (c, — 2330 m/s). 

Dismissing these exceptions, it becomes obvious that there is 
a certain regularity. The highest values of ultrasonic velocity near 
0 K are exhibited by polymers in which the molecular mobility 
is completely frozen under these conditions (polymers of the first 
group). Lower ultrasonic velocities near 0 K are shown by poly- 
mers in which the small groups, say CH, groups, are mobile at 
T — 0 K (polymers of the second group). The lowest velocity of 
ultrasound at helium temperatures is displayed by polymers in 
which some mobility of heavy atoms (chlorine or fluorine atoms) 
or bulky atomic groups (C,H;) is retained at 7 > 0 K. 

The possibility cannot be excluded that molecular mobility is 
not the only cause of a decrease in ultrasonic velocity at 7 — 0 K. 
Another possible cause is a large amount of free volume retained 
at 7—- 0 K, because of the hindrances associated with the tight 
packing of macromolecules containing massive and bulky side 
groups. Perhaps, as a result of this polymers such as polytetrafluo- 
roethylene, polytrifluorochloroethylene and poly-4-methyl pen- 
tene-1 depart from the general rule. 

Let us consider relaxation processes in polymers of the third 
group. 

In polyvinyl chloride (375) a single temperature transition 
has been detected (see Fig. 7.10) at 130 K for longitudinal waves 
(у = 5 MHz) and at 120 K for shear waves, with the same activa- 
tion energy (U = 30.6 kJ/mole) in each case. The nature of this 
temperature transition is not yet clear but it can be expected that 
it is associated with the unfreezing of the restricted motion of 
chlorine atoms. If this is so, then at temperatures below the tem- 
perature of this transition only the re-orientational motion of chlo- 
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rine atoms is retained, this leading to a further increase in the 
velocity of sound with decreasing temperature. 

For polyvinylidene fluoride (o = 1.39 Mg/m?) two kinks ap- 
pear (see Fig. 7.10) on the c; — f (T) graph (375, 376). One of these 
at 140 K (at a frequency of 5 MHz) evidently corresponds to the 
low-temperature limit of the relaxation process, and the other at 
168 K to the high-temperature limit. It is interesting that at T — 
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FIG. 7.11. Temperature dependence of the velocity of longitudinal (7, 2) 
and shear (3) ultrasonic waves in polytrifluorochloroethylene at v = 5 MHz: 
the degree of crystallinity: 
1—40 per cent; 2, 3—50 per cent. 


> 168 K the temperature coefficient of sound velocity consider- 
ably decreases in absolute value. The activation energy correspond- 
ing to this temperature transition observed at 140K is 
11.3 kJ/mole. In measurements with shear waves this temperature 
transition occurs at 180 K and has a higher activation energy. It is 
possible that this temperature transition is one of the manifesta- 
tions of y-relaxation in the polymer. 

With  polytrifluorochloroethylene (p = 2.135 Mg/m?) the 
c — f (T) graph shows, at v — 5 MHz (Fig. 7.11), a single tem- 
perature transition at 210 K (370) (with longitudinal as well as 
shear waves) with an activation energy of 56.5 kJ/mole. It should 
be noted that in low-frequency measurements (v = 200 Hz) in 
this polymer the same transition, with an activation energy of 
58.5-62.7 kJ/mole, was detected (70) at 190 K. It is thought to be 
caused by the mobility of chain linkages consisting of several 
carbon atoms (y-relaxation). 

For polystyrene a single kink appears in the temperature 
dependence of sound velocity (375, 376), situated at 190 K in 
the case of longitudinal waves (v — 5 MHz) and at 120 K in the 
case of shear waves (see Fig. 7.10). Since at temperatures exceed- 
ing the temperature of this transition the value of | Ac/AT | 
decreases, this transition can be expected to represent the high- 
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temperature limit of the relaxation process. The low-temperature 
limit of this relaxation process, if there is such a limit, might be 
expected to lie at a temperature below 4.2 K and must evidently 
be observed at higher ultrasonic frequencies. 


7.8. EFFECT OF STRUCTURE ON ACOUSTICAL PROPERTIES 


One of the most important parameters of the crystal structure 
of polymers is the degree of crystallinity, x, this having a strong 
effect on the acoustical properties of partly crystalline polymers. 

The concept of amorphous regions in crystalline polymers has 
recently been considerably revised. While in some cases, especially 
at a low degree of crystallinity, amorphous regions consist of 
uncrystallized (or non-crystallizable) links, in others, especially 
in highly crystalline polymers, the role of the amorphous phase 
is played by lattice defects in crystals. For example, according 
to the two-phase model of a crystalline polymer proposed by 
Pechhold (288), portions of parallel-packed chains (crystallites) 
coexist with cooperatively twisted regions, with the relaxation 
processes in the polymer being to a considerable extent associated 
with the motion of specific rotation isomers (kink-isomers), which 
are defects in the almost parallel packing of the chains. 

It is commonly thought that with increasing crystallinity the 
velocity of sound in a polymer increases. This is associated with 
the enhancement of intermolecular interaction in the polymer 
resulting from an increase in the content of ordered crystalline 
regions. It is clear that this effect will be observed most distinctly 
if the amorphous regions of the polymer are in the high-elastic 
(rubbery) state, which is characterized by weaker intermolecular 
interaction. It is usually believed that in the glassy state (below 7, 
of the amorphous layer) the velocity of ultrasound is independent 
of the degree of crystallinity, since the densities of crystallites 
and amorphous regions below T, do not differ. But, in a number 
of works [for example, (70)] it has been shown that the sound 
velocity does depend on the degree of crystallinity even below Tg. 

Near room temperature a clear-cut dependence of sound velocity 
on the degree of crystallinity is observed for polymers such as 
polyethylene and polytetrafluoroethylene. Waterman, Davidse 
and Westerdijk (377), for example, have shown that for various 
types of polyethylene, regardless of the method of its synthesis, 
its degree of branching and its past history, there exists at room 
temperature a linear dependence of the velocity of ultrasound 
on the degree of crystallinity. 

In order to describe analytically the dependence of the velocity 
of ultrasound on the degree of crystallinity we shall take advantage 
of the findings of Chapter 5. 
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Suppose that the retardation-time spectrum density for a partly 
crystalline polymer, L (т), can be presented іп the following 
form: 


L (3) = xL, (z) + (4 — x) L, (1) (7.29) 


where the subscript 1 stands for a completely crystallized sample, 
and the subscript 2 for a completely amorphous sample of the 
same polymer. 

Substituting expression (7.29) into Eq. (7.22) and assuming 
that E, = pc, depends on x, the same as L (x) does, we obtain: 
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An analysis of this expression shows that two types of depen- 
dence of sound velocity on crystallinity are possible. 
If the following inequality holds true: 


d Ly (1) ёт І, (x) dx 
E + 


Tror €x I T er (7.31) 


ot 8 


then it is obvious that the main contribution to the velocity of 
ultrasound will be made by the second term on the right-hand 
side of formula (7.30) and that the ultrasonic velocity will 
increase with increasing degree of crystallinity. The inequality 
(7.31) is most frequently obeyed at 7 — Т„; it also holds at 
T — T, for some polymers. Such a dependence of the velocity 
of ultrasound on the degree of crystallinity is encountered very 
often and is considered to be normal. 

In a case where a crystalline polymer is subjected to tempera- 
tures lower than the glass-transition temperature of the amorphous 
layer the most intensive relaxation processes, which make the 
major contribution to the relaxation spectrum of the amorphous 
sample, may appear to be "frozen" and the velocity of sound 
in the amorphous polymer may become rather high. This is often 
associated with the quite effective intermolecular interaction of 
the kinetic units of neighbouring macromolecules in the glassy 
state. 

At the same time, we can imagine a polymer so completely 
crystalline that sufficiently intensive relaxation processes may 
occur at these same temperatures. This may result from the pres- 
ence of a large number of defects in polymer crystals and the 
special packing of polymeric chains in crystallites. Thus, below 
the glass-transition temperature, 7,, of the amorphous layer 
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a case is possible where 
1 [AGO . 1, f Ly (л) dx Б 
Eig a \ 1 + o2 > Esq an J to? (7.32) 
0 0 





Inequality (7.32) implies that the principal role in formula (7.30) 
can be played by the first term on the right-hand side of Eq. (7.30) 
and, hence, the velocity of ultrasound will diminish with increas- 
ing x. Such an “anomalous” dependence of c on x, where the sound 
velocity and dynamic elastic modulus decrease with increasing 
degree of crystallinity, have been observed in practice (70, 246, 
378, 379) in polytrifluorochloroethylene, polyethylene and poly- 
ethylene terephthalate. At the same time, all these polymers are 
characterized by an ordinary dependence of sound velocity on x 
at temperatures higher than the glass-transition temperature of 
the amorphous layer. 

The “anomalous” dependence of sound velocity on crystallinity 
can be dealt with as follows. We can assume that such a depen- 
dence of c on x results from the competition of two phenomena. On 
the one hand, as the degree of crystallinity increases the total 
proportion of crystalline regions in the polymer also increases 
and some ordering occurs in the arrangement of macromolecules 
inside the crystallites. As a result, the velocity of sound must 
increase. On the other hand, as the degree of crystallinity increases 
the density of the amorphous layer diminishes and so does the 
effectiveness of intermolecular interaction in it. This effect must 
result in a decrease in sound velocity. This is especially pro- 
nounced when the effectiveness of intermolecular interaction 
in the amorphous layer is sufficiently high, i.e., below T... 

The "anomalous" dependence of sound velocity on crystallinity 
is observed only in those cases when the second process predom- 
inates. Note that the explanation given above is tantamount in 
some measure to asserting that the Hosemann-Bonart structural 
model is valid for crystalline polymers exhibiting an anomalous 
dependence of sound velocity on crystallinity. 

At low temperatures both types of dependence of sound velocity 
on crystallinity are encountered for polymers. In polytetrafluoro- 
ethylene, for example, the sound velocity is almost independent 
of x, but at 7 — 0 K the velocity of ultrasound in more crystal- 
lized samples is somewhat higher. The normal dependence of the 
velocity of ultrasound on crystallinity is also observed in Nylon 7, 
Nylon 11, Nylon 12 and some other polymers. 

The "anomalous" dependence of the velocity of ultrasound on 
the degree of crystallinity, when c decreases with increasing x, 
is exhibited by polyethylene (Fig. 7.12), polycapramide (356), 
Nylon 6,10 and polytrifluorochloroethylene. It should be noted 
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that the *anomalous" dependence of sound velocity on crystallinity 
in these polymers was also observed in low-frequency measure- 
ments (70). However, in low-frequency measurements the point 
of inversion at which the dependence of sound velocity on crystal- 
linity for polycapramide undergoes a change lies at 305 K, while 
in ultrasonic experiments this point is located at 155 K. An analo- 
gous phenomenon is also observed in the case of polyethylene. 
While in low-frequency (v zz 200 Hz) measurements the point 
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FIG. 7.12. Temperature dependence of the velocity of shear waves in low- 
pressure (7) and high-pressure (2) polyethylene at v — 5 MHz. 


of inversion at which the dependence of sound velocity on crystal- 
linity undergoes a change is at 223 K, in ultrasonic measurements 
(see Fig. 7.12) it occurs much lower (167 K). 

The velocity of ultrasound in samples with a higher degree 
of crystallinity decreases in  polytrifluorochloroethylene (see 
Fig. 7.11) in the temperature range 4.2-240 K (370). 

A change in the position of the point of inversion on the temper- 
ature scale in frequency measurements can be described in terms 
of phenomenological relaxation theory (70); it confirms the validi- 
ty of the assumptions made in the derivation of formula (7.30). 
In this connection, let us consider two samples of the same polymer 
with different degrees of crystallinity (x, and xə). Using relation 
(7.30), we can write expressions for the sound velocity in these 
samples in the following form: 
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At the point of inversion at which the sound velocity does not 
depend on the degree of crystallinity 1/p,c? = 1/p,c?. It thus 
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follows that at the point of inversion poch, = рогс?,. The latter 
equation can be written in the form: 








1 і Гоз (т) ат (т) dx [ Lo (z) at (т) dt 
Porca  Pozcĝ2 E dopo? = doceri (6980) 
where the subscripts 01 and 02 refer, respectively, to a completely 
crystalline and a completely amorphous sample of the same 
polymer. 

It is obvious that with a change in frequency, for expression 
(7.33) to be valid the quantities Z,, (т) and Lo. (т) and v or their 
combinations must be changed. But t can be changed only when 
the temperature is changed. This fact is consistent with the 
findings of the phenomenological theory of the  acoustical 
properties of crystalline polymers (70). 

The effect of other structural parameters on the acoustical 
properties of polymers at low temperatures has been little studied. 


CHAPTER 8 


VISCOELASTIC PARAMETERS OF POLYMERS 
AT LOW TEMPERATURES 


8.1. DETERMINATION OF THE MAIN VISCOELASTIC 


PARAMETERS OF POLYMERS 
FROM ACOUSTIC MEASUREMENTS 


The main parameters characterizing the viscoelastic behaviour 
of polymers are the dynamic elastic moduli and Poisson’s ratio. 
The viscoelastic behaviour of an isotropic solid can be fully 
described if any two dynamic elastic moduli or one dynamic 
elastic modulus and Poisson's ratio are known. À knowledge of 
the elastic moduli of polymers at low temperatures becomes 
very important in connection with the vigorous development of 
a number of branches of modern engineering. 

Until recently investigations of the viscoelastic properties of 
polymers carried out with a torsion pendulum at a frequency 
of 1 Hz or by the electrostatic method at frequencies 10? to 10* Hz 
enabled the determination of either the dynamic shear modulus 
G' (v zz 1 Hz) or Young's dynamic modulus Е’ (v ах 10* Hz). 

Such results, obtained at frequencies differing by four orders 
of magnitude for samples having different shapes and different 
past histories, do not allow one to calculate unambiguously the 
main viscoelastic parameters of polymeric materials at low temper- 
atures. Such calculations become possible when use is made of 
ultrasonic methods of investigation, these enabling different 
types of ultrasonic waves to be excited in the same sample at the 
same frequency. The availability of data on the velocity of pro- 
pagation of longitudinal and transverse (shear) waves in polymers 
at low temperatures (122, 356, 367, 368, 370, 372, 375) makes 
it possible to calculate (380, 381) their main viscoelastic para- 
meters: Young's modulus Æ’, the dynamic shear modulus G', 
the bulk (or volume) modulus of elasticity K;, and Poisson's 
ratio o’. 

We know that the velocities of longitudinal and transverse 
ultrasonic waves (с; and cj) are connected with the elastic char- 
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acteristics of solids by the relations 


š LO 41 š 4 vy E | (1— 0^) 7 

Сг = p es p (K; G )= (1-07) (1—267) (8.1) 

2.6 . E' 

р = Bde) (3:2) 
where L' = K; + */,G' is the dynamic "longitudinal" modulus 


of elasticity; K; is the bulk modulus of elasticity; c' is Poisson's 
ratio (the real part). 
The dynamic shear modulus can be found immediately from 
expression (8.2): 
G' = pc? (8.3) 


Having substituted the value of G' thus obtained into relation 
(3.1), we find the expression for the dynamic bulk modulus: 


dee RE Om =A 

Ki-ed | (2) —+] (8.4) 

The complex Poisson ratio can be written in the following form: 
L* — 2G* 


c 


o* == 0’ — io" = (8.5) 
where L* and G* are the corresponding complex elastic moduli. 

Of greatest importance is the determination of the real part 
of o*, which can be found from the following approximate for- 


mula: 


3(*—6G*) 


, 1 L'—2G' 
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Substituting the values of G' from Eq. (8.3) апа L’ == pc? into 
formula (8.6), we obtain an expression relating Poisson's ratio 
to the velocities of longitudinal and transverse ultrasonic waves: 

, 1 (eilc) — 2 


g 5 e (8.7) 


(8.6) 


Using the well-known relation 


E = 2 £ + o”) G' (8.8) 
we obtain the following expression for Young's modulus: 
3 (z y-4 
erst 2 t ) 
Е' == pel - day (8.9) 
` Ct 


Thus, if the density of a polymer and the velocities of the lon- 
gitudinal and transverse waves propagating in it are known, one 
can easily calculate the main elastic characteristics of the polymer, 
using formulas (8.3), (8.4), (8.7) and (8.9). 
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8.2. DYNAMIC ELASTIC MODULI OF POLYMERS 


The dynamic elastic moduli of a number of polymers, which 
will be considered below, have been determined by ultrasonic 
measurements at a frequency of 5 MHz. The temperature depen- 
dences of Young's modulus E’ for some polymers are given in 
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FIG. 8.1. Young's moduli E' of polymers at low temperatures: 
1—Nylon 6,10; pM methacrylate; 8— AE fluoride; 4—polyvinyl chlo- 


ride; 5—Nylon 7; 6—Nylon 6; 7—Nyl 8—Nylon 11; 9— polystyrene; 10—poly-4- 
abus ade 


Fig. 8.1 and in Table 5 (see Appendix). The rather high values 
of E’ in the helium-temperature region should be noted. 

A comparison of Young's modulus Ё’ measured at 4.2 K, with 
the theoretical values of the modulus calculated on the basis of 
data on the crystal structure and the potentials of intermolecular 
and intramolecular interactions, shows (381) that for linear 
polymers such as polyethylene and polytetrafluoroethylene the 
theoretical values of E' are 20-25 times higher than those measured 
at 4.2 K. This difference is much smaller for polymers whose 
chains have a more prominent helical shape (say, polyformalde- 
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hyde and polypropylene) but in this case too the experimentally 
observed values of E’ are lower than the theoretical values by 
a factor of 5 to 10. 

A comparison of the value of Young's modulus found from 
ultrasonic measurements at 4.2 K with the elastic modulus of 
crystallites measured by the X-ray method (382) at room temper- 
ature shows that the elastic modulus of crystallite measured 
along the axis of the polymeric chain exceeds by several times 
the values of E' found by ultrasonic measurements made at 4.2 K. 
For example, for Nylon 6 at 4.2 K Young's modulus Ё’ = 8 х 
x 10? MPa and the elastic modulus of the crystallite measured 
by the X-ray method along the chain axis at 293 K is equal 
to 25 x 10? MPa. This difference arises mainly from the fact 
that the data obtained by Sakurada and Nakamae (382) are more 
likely to refer to a single crystal of Nylon 6, whereas the results 
of ultrasonic measurements refer to a polycrystalline polymer 
containing an amorphous layer. The elastic modulus of the crys- 
tallites of Nylon 6 measured by the X-ray technique at right 
angles to its chain axis at 293 K is 7.3 x 10? MPa, this result 
being somewhat lower even than the Ё’ value found by means of 
ultrasonic measurements made at 4.2 K. 

The high values of the dynamic elastic moduli at 4.2 K indicate 
that at this temperature the chain units present in the amorphous 
regions are involved in a very intensive intermolecular interaction. 

The material with the highest values of E’ (14.3 х 10% MPa), 
G' (5.4 х 10? MPa) and K; (12.6 x 10? MPa) at 4.2 K is poly- 
formaldehyde. This polymer is characterized by the presence 
of an oxygen atom in the main chain, which is known to increase 
the chain flexibility, and also by the smallest proportion of main 
side groups (among the polymers studied at low temperatures), 
which is probably responsible for a decrease in the mean distance 
between the macromolecular skeletons. Considering that the 
main chain in polyformaldehyde has light hydrogen atoms at- 
tached to it, the C—H bond length being as small as 1.07 A (383), 
it becomes clear that the mean distance rm between the macromo- 
lecular skeletons in this polymer is the smallest among the 
polymers studied at low temperatures. We may therefore suppose 
that the energy of intermolecular interaction in polyformaldehyde 
is quite high, this being evidently responsible for the high values 
of the dynamic elastic moduli of the polymer. 

As the number of hydrogen atoms in the side groups increases 
in moving from polyformaldehyde to polyethylene the distance rm 
increases, i.e., the energy of intermolecular interaction between 
the skeletons of the main chains decreases and, as a consequence, 
the dynamic moduli are diminished. This explains why low- 
density polyethylene (p — 0.92 Mg/m?, x — 46 per cent) has 
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a value for Young's modulus Е’ = 10.8 х 10? MPa at 4.2 K, 
which ranks second. 

The presence of a fluorine atom instead of a hydrogen atom (in 
moving from polyethylene to polytetrafluoroethylene) probably 
leads to an even stronger increase in the mean distance r,, between 
the macromolecular skeletons, since the C—F bond length is 
1.39 À, and to an even stronger decrease in Young's modulus 
(E' = 7.9 x 10° MPa) and in the shear modulus (G' — 3 x 
X 10? MPa) at 4.2 K. 

The intermediate position between polyethylene and poly- 
tetrafluoroethylene as far as the dynamic elastic moduli are 
concerned is occupied by polyamides. The highest values of Е’ 
and G' at 4.2 K have been observed for those crystalline polyamides 
which contain an even number of methylene groups: Nylon 6,10 
(E' = 9.2 x 403 MPa; С = 3.4 x 10° MPa) and Nylon 7 
(E' = 8.3 x 108 MPa; С’ = 3.1 х 10% MPa). It is known that 
in suchEpolymersfall the amide groups tend to form hydrogen 
bonds whose presence leads to a very strong interchain interaction. 
The values of E' and G' at 4.2 K for nylons containing very long 
aliphatic linkages (Nylon 11 and Nylon 12) are somewhat lower: 
the value of Ё’ ranges from 7.3 x 10? to 7.5 x 105 MPa and 
G' = 2.7 х 10? MPa. 

The values of Young's modulus measured at 4.2 K for other 
polymers also depend primarily on the mean distance between 
macromolecular skeletons. This distance is usually governed by 
the type of pendant group in a polymer. For example, polyvinyl 
fluoride, with a fluorine atom attached to the main chain, the C—F 
bond length being 1.39 A, has a rather high value of Е' (7.6 X 
x 10? MPa) at the liquid- -helium temperature. The side chain 
in polyvinyl chloride contains a more bulky, chlorine atom (the 
C—Cl bond lengtht$being as large as 1.77 À) and its Young's 
modulus is lower at 4.2 K (E' — 7.2 x 10? MPa). 

This, point of view is supported by the lower values of the 
elastic moduli for polytrifluorochloroethylene at 4.9 K (E' — 
= 6.5 х 10% MPa; G' = 2.4 x 10? MPa). An even lower value 
of E' (6.1 x 108 MPa) is observed at the liquid-helium tempera- 
ture for polystyrene, in which the side group is a very bulky 
phenyl group. 

Of the polymers containing methyl groups epoxide resin ӘД-5 
cured with m-phenylenediamine has the highest values of E' 
and С’ (E' = 8.6 x 10° MPa and G' = 3.2 х 10° MPa). The 
intermolecular interaction in the epoxide polymer ӘД-5 is rather 
strong. The presence of a space network and relatively rigid 
chains between neighbouring chemical cross-links evidently leads 
to a more ordered and closer packing of the chain units below 7, 
and especially at 7 — 0 K. 
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Low values of the dynamic elastic moduli (E' = 6 x 10? MPa 
and G' = 2.2 x 10? MPa) are exhibited by polycarbonate. Such 
values of the elastic parameters of polycarbonate at low tempera- 
tures are probably due to the presence in the main chain of very 
bulky phenylene groups and to the presence of CH, groups at- 
tached to the main chain. This may be responsible for the weaker 
intermolecular interaction between polymeric chains at helium 
temperatures, the relatively large free volume (which accounts 
for the high dynamic strength of this polymer) and for the low 
values of E' and G'. Polypropylene, which has no bulky aromatic 
groups in the main chain and has only one CH, group in its 
repeat unit, is intermediate between polycarbonate and the 
epoxide polymer ӘД-5 with respect to values of Е’ and С’ (E' = 
= 7.3 x 10° MPa and С’ = 2.8 x 10? MPa). 

The lowest values of Young's modulus (E' = 3.4 x 10? MPa) 
and the shear modulus (G' — 1.2 x 10? MPa) are shown by 
poly-4-methyl pentene-1. This is natural since the side chain 
of this polymer is a rather bulky branch consisting of C,H, groups. 
The absence of polar bonds between the pendant groups is re- 
sponsible for the weak interaction between neighbouring chains 
in poly-4-methyl pentene-1, which is why one would expect this 
polymer to have low values of the elastic moduli. 

Different behaviour is exhibited by polymethyl methacrylate, 
which has a high value for Young's modulus at 4.2 K (E' — 
— 8.3 x 10? MPa), despite the fact that it is a branched polymer 
and has a bulky ester group in the side chain. In this case the 
high values for the elastic moduli are probably due to the strong 
intermolecular interaction provoked by the polar ester groups 
present. 

It is interesting to trace the change in the value of E’ as the 
temperature increases from 4.2 K (from 2.1 K for some polymers) 
to 240 K. In the case of nylons with short repeat units (Nylon 6 
and Nylon 7) such a change in temperature leads to a decrease 
in'E' by affactor of 1.7; for polymers containing a larger number 
of CH, groups in the repeat unit (Nylon 11 and Nylon 12) E' 
decreases in the same temperature range even more strongly (by 
a factor of 2.1). The elastic modulus of polyethylene changes in 
a similar manner in the same temperature range. 

With other polymers the change in Ё’ over the temperature 
range 2.1 to 240 K is substantially weaker. Some examples are: 
polymethyl methacrylate (16 per cent); polyvinyl fluoride (about 
20 per cent); polyvinyl chloride (25 per cent); polystyrene and 
poly-4-methyl pentene-1 (about 33 per cent). 

The intensity of molecular motion becoming unfrozen with 
increase in temperature can be assessed by a change in Young's 
modulus. In this connection, one can conclude that in the case 
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of polyamides and polyethylene, as the temperature rises from 2.1 
to 240 K, the large kinetic units of the chain become sufficiently 
mobile, while with some other polymers the rotation of small 
side groups can be retarded under the same conditions. 

The Е’ = f (T) graph for polymers of the first group (see 
Chapter 7), like the temperature dependence of sound velocity, 
shows a low-temperature plateau at temperatures close to the 
liquid-helium temperature, where 
E' depends neither on frequency ? 
nor on temperature. For poly- 


vi. з g 
mers containing methyl groups, à 
as for polymers with an asym- & 7 
metric potential barrier, E’ and | —. 
G' increase monotonically with iù 2 
decreasing temperature and there SS 3 
is no low-temperature plateau. `+ 
Using the well-known expres- Ss n 
sion of phenomenological relaxa- 
tion theory (70) for the modulus Ü 80 160 240 
of elasticity LK 
1 1 TL (т) dx FIG. 8.2. Dependence of the quan- 
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E' = E, in the low-temperature 
plateau region, one can calculate the second term on the right- 
hand side of expression (8.10), which takes account of the relaxa- 
tion contribution to the dynamic compliance. 
š : š L(x) dx л 
Figure 8.2 is a plot of the quantity | TT against temper- 
0 

ature for Nylon 6. In the plateau region (near 4.2 K) this quantity 
is equal to zero, this being associated with the fact that under 
these conditions all the relaxation processes that make any contrib- 
ution to the viscoelastic behaviour of a polymer are frozen. 
With a rise in temperature this quantity increases, i.e., the 
contribution of relaxation processes to the viscoelastic behaviour 
of the polymer becomes more and more substantial. Obviously, 
at sufficiently high temperatures oT — 0 K (or, at least, ot < 1) 
and the value of w*t? іп the denominator of the integrand can be 
ignored. Then the second term on the right-hand side of Eq. (8.10) 
will be much greater than the first and will govern the subsequent 
behaviour of the modulus ХЕ’. 

The values of the dynamic shear modulus G' calculated from 
ultrasonic measurements are lower than the values of Young's 
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modulus by a factor of 2.6 to 2.8; at 4.2 K they range from 1.2 x 
X 10* MPa (poly-4-methyl pentene-1) to 5.4 x 10? MPa (poly- 
formaldehyde). Their temperature dependences repeat qualitative- 
ly the course of the E' — f (T) curves of the corresponding poly- 
mers. 

The temperature dependences of the bulk modulus of elasticity 
K; (Fig. 8.3), calculated from acoustic measurements at low 
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FIG. 8.3. Temperature dependence of the bulk modulus К; at low tempera- 
tures: 
1— Nylon 6; 2—Nylon 7; 3—Nylon 6,10; 4—polyvinyl fluoride; 5—Nylon 11; 6—Nylon 


12; 7—polymethyl methacrylate; $— polyvinyl chloride; 9— polystyrene 10—-poly-4- 
methyl pentene-1. 


temperatures, show that with a number of linear crystalline 
polymers the value of K; exceeds the value of E'. There are, 
however, some polymers (polyethylene, polyformaldehyde, Ny- 
lon 6,10 and some others) for which E' — K; at 4.2 K. 

The value of K; for polyamides (see Table 8.1) is governed by 
the length of the aliphatic chain in the repeating unit. Here 
there is a clear-cut tendency for the quantity K; to decrease over 
the entire temperature range with an increasing number of CH, 
groups in the repeating unit. 

The different relationships between the quantities K; and E' 
for polymers of differing structures become understandable if one 
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makes use of the well-known relation: 
, £ 1 

Analysis of this formula shows that the value of the bulk modulus 
of elasticity K; may exceed the value of Young's modulus only 
in those cases when Poisson's ratio is greater than one-third. At 


с’ < 1/8 the value of К; must be lower than that of E’. 


TABLE 8.1. The Elastic Parameters of Some Selected Polymers at 2.1K 














Polymer EI nn Sd б’ 
Nylon 6 8.0 9.7 | 2.9 0.36 
Nylon 7 8.5 8.7 3.1 0.34 
Nylon 6,10 9.2 8.6 3.4 0.32 
Nylon 11 7.5 8.3 2.8 0.35 
Nylon 12 7.4 8.1 2.7 0.35 
Polymethyl methacrylate 8.3 7.7 3.2 0.32 
Polyvinyl fluoride 7.6 8.5 2.8 0.35 
Polyvinyl chloride 7.2 7.8 2.6 0.34 
Polystyrene 6.1 5.7 2.3 0.32 
Poly-4-methyl pentene-1 3.4 4.4 1.2 0.37 


Indeed, from the results listed in Table,8.1 one can conclude 
that near the liquid-helium,temperature the,values of Poisson's 
ratio for such polymers as Nylon 6,10, polymethyl methacrylate 
and polystyrene are less than one-third. For these polymers K; 
is characteristically lower than E’. For the other polymers pre- 
sented in Table 8.1, с’ > 1/3 and K; > F’ at 2.1 K. 


8.3. POISSON'S RATIO FOR POLYMERS NEAR 
THE LIQUID-HELIUM TEMPERATURE 


The values of Poisson's ratio for,a number of polymers calculat- 
ed from ultrasonic measurements are available in the literature 
(380, 381). By analyzing the dependence o = f (T) ome arrives 
at the conclusion that the lowest value of Poisson's ratio (0.25) 
belongs to polyethylene, which has the simplest chemical struc- 
ture. 

Since the quantity c characterizes the measure of lateral trans- 
verse compression on longitudinal extension, it has, been assumed 
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(380, 381) that this parameter is to a certain extent determined 
by the amount of "free volume". 

If one proceeds from this viewpoint, one should expect polymers 
with lighter and more compact atoms attached to the main chain 
to have lower Poisson’s ratios at 7 — 0 K. This must lead to 
a decrease in the free volume of such polymers at low tempera- 
tures. The replacement of light atoms by heavier ones must appa- 
rently lead to an increase in o’. This tendency is observed in 
experiments (380, 381). It has already been mentioned that the 
minimum value of c' occurs in polyethylene, in which the role 
of side groups is played by light hydrogen atoms. The change 
from hydrogen atoms to heavier fluorine atoms in passing from 
polyethylene to polytetrafluoroethylene results in a sharp increase 
in о” (from 0.25 to 0.33) at 4.2 K. The replacement of one fluorine 
atom in the repeat unit of polytetrafluoroethylene by a chlorine 
atom in passing to polytrifluorochloroethylene leads to an even 
stronger increase in с’ (from 0.33 for polytetrafluoroethylene 
to 0.37 for polytrifluorochloroeth ylene). 

This explains why the values of o” measured at 7 — 0 K depend 
on the chemical structure of polymers. For example, for polyamides 
containing an even number of CH, groups in the aliphatic 
linkage (Nylon 6,10 and Nylon 7) o' is substantially lower than 
the corresponding values for Nylon 6 and Nylon 12 with an odd 
number of such groups in their repeating units. If Poisson's ratio 
is really associated with the amount of free volume, then it is 
evident that polymers with a closer packing of chains must have 
a lesser amount of free volume and, hence, they will have lower 
values of o’. In the case of Nylon 6,10 and Nylon 7 the closer 
chain packing resulting from the presence of frequently spaced 
hydrogen bonds may be responsible for the relatively low values 
of Poisson's ratio (see Table 8.1). 

The relatively high value of o' (0.35) in the case of polyvinyl 
fluoride with a heavy fluorine atom attached to the main chain 
can probably be ascribed to the effect of the free volume. One 
might think that polyvinyl chloride should have a larger amount 
of free volume because the asymmetric side group in each of its 
repeating units is a chlorine atom which is heavier than the 
fluorine atom. But in polyvinyl chloride, which is a polar poly- 
mer, the polar groups can provide a sufficiently effective intermo- 
lecular interaction, which leads to a closer chain packing in the 
polymer. It is possibly for this reason that Poisson's ratio for 
polyvinyl chloride (0.34) at T— 0 K is somewhat lower than 
that for polyvinyl fluoride. 

'The side groups in polystyrene are phenyl groups. At low temper- 
atures these groups can strongly interact, this resulting in a suf- 
ficiently tight chain packing. Hence one can expect the values 


8.3. POISSON'S RATIO NEAR THE LIQUID-HELIUM TEMPERATURE 254 


of c' to be relatively low at low temperatures despite the presence 
of bulky side groups in the polymer. From Table 8.1 one can see 
that polystyrene has a value of o' — 0.32 at 2.1 K. 

Of the polymers containing methyl groups, polypropylene, 
with one CH, side group in each repeating unit, and polymethyl 
methacrylate have the lowest values of o' (0.32) at 4.2 K. The 
latter polymer, despite the fact that it has bulky side chains 
with polar ester groups, apparently has very tight packing due 
to a strong intermolecular interaction between the polar groups 
of neighbouring chains. This explains why the value of с’ for 
polymethyl methacrylate is not very high at 2.1 K. 

The presence of bulky phenylene groups and two CH, groups as 
side groups in each repeating unit in the main chain of polycarbo- 
nate leads to an increase in the free volume and, hence, to a rela- 
tively high value of ос’ (0.37) at 4.2 К. 

It can be assumed that the somewhat lower value of c' in 
the case of epoxide resin ӘД-о (0.35 at 4.2 K), which is similar 
in chemical constitution to a polycarbonate based on bisphenol A, 
results from an increase in intermolecular interaction due to the 
more ordered arrangement of the kinetic units of neighbouring 
chains forming the space network, this being evidently responsible 
for the closer packing together of the polymeric chains and for 
the decrease in the free volume. 

A high value of c' (0.37) at 2.1 K is shown by poly-4-methyl 
pentene-1, which has a C,H, group as a side group. The asym- 
metric arrangement of this group produces a large free volume 
in the polymer, which is why its Poisson's ratio is high. 

As ihe temperature increases one observes (Figs. 8.4 and 8.5) 
a rather monotonic increase in Poisson's ratio and only in the 
region of temperature transitions do maxima or points of inflection 
appear on the o' = f (T) graphs. The strongest change in Poisson's 
ratio with temperature is observed in low-density polyethylene 
(see Fig. 8.4). For example, while in the range 4.2 to 80 K the 
value of c' for this polymer is 0.25, at 240 K it becomes equal 
to 0.33. Since at T — 240 K the amorphous layer of low-density 
polyethylene is in the rubbery state (at least, above 7,), the 
free volume at this temperature is large. But, high values of sound 
velocity at 4.2 K point to a high intensity of intermolecular 
interaction, this being probably associated with the rather close 
packing of the chains in the amorphous layer of the polyethylene. 
As a result, the free volume in polyethylene is small at 7 — 0 K 
and, hence, the values of с’ are low. Thus, in the case of polyethy- 
lene the value of c' changes with temperature in the same way 
as the free volume. Among other polymers, the strongest change 
іп с’ with temperature is found in linear polyamides (see Fig. 8.5). 
As а rule, the value of с’ changes little with temperature. 
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This phenomenon is associated with the fact that rather long 
chain units in the amorphous layer of polyamides become mobile 
with increasing temperature, as a result of which the free volume 
of these polymers increases considerably. But with other polymers 
only side groups become capable of vibrating when the tempera- 
ture rises from 4.2 to 240 K, their vibrations being responsible 
for à small increase in the free-volume fraction. 
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FIG. 8.4. Temperature dependence of Poisson's ratio at low temperatures: 

1—tetrafluoroethylene-vinylidene fluoride copolymer; 2— polycarbonate; —polytrifluoro- 

chloroethylene; 4—epoxide resin 971-5; 5— high-density polyethylene; 6— polytetrafluoro- 
ethylene; 7—low-density polyethylene; $— polypropylene; 9—polyformaldehyde. 


It should be noted that c' undergoes the least change with 
temperature (within the range 4.2 to 240 K) in polymers having 
relatively high glass-transition temperatures (polycarbonates, 
polytrifluorochloroethylene, epoxide resin, polymethyl metha- 
crylate, polystyrene). ` 

Of importance is the dependence of the quantity o' on the 
degree of crystallinity. An investigation of samples of the same 
polyamide with different degrees of crystallinity x (380) leads 
to the conclusion that the values of o decrease with increasing x 
over the entire temperature range investigated. This effect is 
most pronounced in Nylon 11 (Fig. 8.6). Obviously, as the degree 
of crystallinity increases, i.e., as the size of crystallites and theie 
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FIG. 8.5. Temperature dependence of Poisson s ratio in the region of helium 
temperatures: 


i--Nylon 6; 2—Nylon 12; 3—Nylon 11; 4—poly-4-methyl pentene-1; 5—Nylon 7; 6— 
Nylon 6,10; 7—polyvinyl chloride; s- polyvinyl fluoride; 9—polystyrene; 10—poly- 
methyl methacrylate, 
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FIG. 8.6. Dependence of;o' of Nyloni11 onTdensity: 


1—quenched sample (р = 1.027 Mg/m?); 2—original sample (p = 1.036 Mg/m*); 3—an- 
nealed sample (p — 1.041 Mg/m?). 
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share of the total volume of the sample increase, the macromolec- 
ular chains in the crystalline regions are packed more tightly. 
This in turn is associated with a decrease in the free volume of 
the polymer, which is accompanied by a decrease in Poisson's 
ratio. 

Thus, from the facts considered above it follows that there 
exists a rather distinct correlation between Poisson's ratio and 
the free volume of polymers. In view of this, the value of o' 
can be expected to change with a change in the free volume of the 
polymer. Moreover, the different values of o’ obtained at 4.2 K 
for the polymers considered are evidence that these polymers have 
different free volumes at 7 — 0 K. Analogous conclusions have 
also been drawn by other investigators (384), who maintain that 
the relative free volume of different vitrified polymers may be 
different. 


CHAPTER 9 


DETERMINING THE THERMOPHYSICAL 
CHARACTERISTICS OF POLYMERS 
BY ACOUSTIC MEASUREMENTS 
AT HELIUM TEMPERATURES 


9.1. DEBYE TEMPERATURES AND HEAT CAPACITIES 
DETERMINED BY ACOUSTIC MEASUREMENTS 


Specific heat is one of the most important thermal character- 
istics of polymers. The existing theories of the heat capacity of 
chain-like structures (see Chapter 1) allow one to calculate the 
temperature dependence of specific heat if the characteristic Debye 
temperature 05 is known. The Debye temperature 05 = hv,,/k, 
where k is Boltzmann's constant and k is Planck's constant. 
characterizes the maximum frequency of the Debye spectrum of 
a solid and is used in the treatment of a number of problems of 
the quantum thermodynamics of solids. The Debye temperatures 
of polymers are usually calculated from experimental data on 
specific heat near 0 K. As a rule, the specific heats of polymers at 
low temperatures are determined by direct measurements with 
the aid of adiabatic calorimeters. Since these measurements 
require complicated instruments and procedures, the amount of 
work done in this field is very limited and, hence, the information 
available on the Debye temperatures of polymers is searce. The 
task is considerably simplified when use is made of acoustic 
methods of investigation (52, 385). These make it possible to 
calculate a number of thermophysical parameters, including the 
Debye temperature. 

The Debye temperatures can be calculated from ultrasonic 
measurements. We know that the Debye temperature for an 
isotropic solid can be calculated (70) by using the formula 


1/3- 
ь=+ (E. 3 эз) 
where P is the number of atoms in the molecule; №, is Avegadro’s 
number; p is the density; M is the molecular mass; c is the average 
velocity of sound, which can be determined from formula (1.15). 

For calculations using formula (9.1), apart from those for the 
velocities of longitudinal (с) and shear (cj) waves in formula 
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(1.15), it is also necessary to know the number of atoms in the 
molecule and the molecular mass M, both of which are difficult 
to determine in the case of polymers. The task is simplified if one 
proceeds as follows (70). Let the average number of repeating 
units per macromolecule be n and the molecular mass of this 
unit M,; then the molecular mass of the polymer, M, can be 
given by M = nM,. In turn, the number of atoms in the macro- 
molecule will be given by P — nP,, where P, is the number of 
atoms in the repeating unit of the polymer chain. Obviously, 
P/M = P,yM,. This ratio can be easily calculated if the chemical 
structure of the polymer is known. For example, the structural 
formula of polyethylene is [—CH,—CH,;—], and, hence, P, = 
= 6 and M, = 28. For polytetrafluoroethylene, which has the 
structure [—CF,—CF,—],, the corresponding figures are as fol- 
lows: P, = 6 and M, = 100; for polyformaldehyde [—CH ,0— ln, 
P, = 4 and M, = 30. 

Ultrasonic measurements at helium temperatures (122, 307, 
368, 370, 372, 375, 376) have been used (70, 385) to calculate 
Debye temperatures for some polymers with the aid of formula 
(9.1). The results of calculations of 05 for a number of polymers 
are presented in Figs. 9.1 and 9.2. For low-molecular-mass sub- 
stances the Debye temperature 05 found from acoustic measurements 
depends little on temperature (386). The difference in the Debye 
temperatures found from measurements of sound velocity at 4.2 
and 300 K is usually 10-12 per cent (386). In the case of polymers 
(see Figs. 9.1 and 9.2) Ө depends strongly on temperature, 
changing sometimes by 1.5 times in the temperature range 4.2 
to 240 K. This is associated to a considerable extent with the 
dispersion of the velocity of elastic waves at high temperatures 
Strictly speaking, 05 can be determined only from acoustic or 
calorimetric measurements made near O K, when there is no 
dispersion of Debye waves. 

It should be noted that with linear crystalline polymers for 
which there is a plateau near 4.2 K in the temperature dependence 
of sound velocity a plateau also appears near O K on the graph 
of 8, against T. However, in this case also the Debye temperatures 
found from acoustic measurements always exceed the values of Ө 
calculated from direct calorimetric measurements. For example, 
for polyethylene the Debye temperature determined on the basis 
of ultrasonic measurements from formula (9.1) is 320 K and for 
polytetrafluoroethylene it is 166 K, whereas the values of 0, 
found from calorimetric measurements at 4.2 K are, respectively, 
231 and 96 K. 

The cause of this difference is not clear at present. It is possible 
ihat no explanation can be given on the basis of the harmonic 
approximation typical of the Debye theory, since it could be 
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caused by anharmonicity (387). But evidently the presence of 
anharmonicity is not the only factor responsible for the discrepan- 
cy between the Debye temperatures found by acoustic and calori- 
metric measurements. The following regularity should be noted. 
As the degree of crystallinity increases the Debye temperature 
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FIG. 9.1 Debye temperatures cal- FIG. 9.2. Debye temperatures calcu- 
culated from acoustic measure- lated from acoustic measurements 





ments: for polymers (the values of M/P are 
1—роуїотан1денуде; 2- polypropylene; given in parentheses): 

3—polyethylene; 4-— polycarbonate; 5— 1—Nylon 6,10 (5.6); 2—Nylon 7 (5.8); 

polytetrafluoroethylene. 3—Nylon 11 (5.4); 4—Nylon 12 (5.3); 


5—Nylon 6 (5.95); 6—polymethyl metha- 

crylate (6.7); 7—polyvinylidene fluoride 

(10.7); 8—polyvinyl fluoride (7.7); 9—po- 

lystyrene (6.5); до polyvinyl chloride 
(10.4). 


found by calorimetric measurements increases noticeably and the 
difference between (0 p)ac and (05).4; becomes smaller. However, 
in the case of amorphous polymers the difference is substantially 
greater. For example, the Debye temperatures calculated for 
polymethyl methacrylate and polystyrene from acoustic measure- 
ments at low temperatures are 262 and 227 K respectively, while 
the corresponding values of (05).4; аге 115 and 95 K (66). For 
crystalline polymers the ratio (0 p)ac/(® p)ca; is, as a rule, smaller 
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than in the case of amorphous polymers. For instance, for crystal- 
line polymers such as polyethylene and polytetrafluoroethylene 
the ratio is 1.39 and 1.73, respectively. and for polymethyl 
methacrylate and polystyrene (amorphous polymers) the ratios 
are 2.48 and 2.39. Since the Debye temperatures determined 
from acoustic measurements at low temperatures exceed (0 p)cai, 
the heat capacities of polymers at T — 0 K, calculated from the 
Debye formula (1.22) and using the values of (0 5),., will appear 
to be considerably lower than those obtained from direct meas- 
urements. 

Excessively high values of (05), , might be expected to arise 
from the assumptions made in using the Debye formula (9.1). 
The heat capacity can, however, be calculated from acoustic 
measurements without resorting to the calculation of Debye 
temperatures. Indeed, substituting the value of 0 p from expression 
(1.17) into formula (1.22), we obtain the following expression 
for the specific heat: 

Her 2nêkt 1 
re 553 Up (9.2) 


where c is the average sound velocity determined from formula 
(1.15). 

Except for the density and the velocities of longitudinal and 
transverse waves, no other parameters that have to be determined 
by experiment appear in formula (9.2). Nevertheless, calculations 
made by formula (9.2) also give values of specific heat for poly- 
mers (357) which are too low compared with those found from 
direct calorimetric measurements. 

It has been shown (33, 66) that the Debye contribution to the 
low-temperature heat capacity of amorphous polymers (at T < 
< 4.2 K) is several times lower than values obtained experi- 
mentally. This means that at low temperatures the main contri- 
bution to heat capacity is made by non-acoustic vibrations, 
which can be described by the Einstein function. The mechanism 
of these vibrations and their relationship to the supermolecular 
structure of amorphous polymers were discussed in Chapter 1. 

Note that for the temperature dependence of the heat capacity 
of polymers at T — 0 K to be described fully by the Debye theory 
calorimetric measurements alone are not sufficient. Even if the 
heat capacity measured by direct methods displays a cubic de- 
pendence on temperature, we cannot yet be certain that the heat 
capacity can be fully described by the Debye theory. For such 
a statement to be made, it is necessary that the heat capacity 
calculated from acoustic measurements at high ultrasonic fre- 
quencies at T — 0 K be consistent with the results obtained by 
calorimetric measurements. 
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The Debye temperatures found from acoustic measurements 
have been used (70, 385) to calculate the heat capacities of a 
number of polymers (Fig. 9.3) in the temperature range 10 to 
240 K. The use of the Tarasov theory (8) allows us to calculate 
the temperature dependence of heat capacity from formula (1.37) 
for a number of polymers. The choice of a formula which gives 
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FIG. 9.3. Temperature dependence FIG. 9.4. Temperature dependence 
ofthe heat capacity calculated from ofthe heat capacity calculated from 
acoustic measurements: acoustic measurements: 


l—high-pressure polyethylene; 2—poly- 1—poly-A4-methyl pentene-1; 2— polyvinyl 
formaldehyde; 3—polypropylene; 4—po- chloride; 8—polystyrene; 4—polyvinyl 
lytetrafluoroethylene. fluoride; 5—polymethyl methacrylate; 
6—Nylon 6; 7—Nylon 11; 8—Nylon 7; 

9—Nylon 6,10. 


a linear dependence of heat capacity on temperature is accounted 
for by the fact that most experimental results are described most 
successfully by a linear dependence. It has been found that for 
polytetrafluoroethylene in the temperature range 15 to 230 K 
and for polyethylene in the range 30 to 210 K the dependence of 
heat capacity on temperature is close to linear and that the heat 
capacities calculated from acoustic data agree quite satisfactorily 
with the results obtained by calorimetric measurements. The 
discrepancy between the calculated and experimentally found 
values of heat capacity does not exceed 10-11 per cent. 

The results of calculations of the heat capacity of other poly- 
mers are given in Figs. 9.3 and 9.4. These results were compared 
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with the generalized heat capacity values used by Wunderlich (7), 
and also with the results of direct calorimetric measurements 
obtained by other authors. Comparison of these results with the 
data obtained by direct calorimetric measurements reveals an 
appreciable difference in the values of heat capacity. For example, 
the specific heats of polystyrene and polymethyl methacrylate 
(7, 65) exceed by 1.5-2 times the specific heat values calculated 
from acoustic measurements. A much better agreement is obtained 
between the calculated values of heat capacity and the results of 
direct measurements for polyvinyl chloride (388) and for poly-4- 
methyl pentene-1 (7). For polyvinyl chloride an especially good 
agreement is obtained in the low-temperature region (to 150 K). 
An increase in temperature up to 240 K produces a 25-percent 
difference between the values compared. In the case of poly-4- 
methyl pentene-1 a satisfactory agreement is obtained above 
120 K (the difference not exceeding 20 per cent); below this tem- 
perature the agreement is poor. 

A close agreement between the heat capacity values calculated 
from acoustic measurements by formula (1.37) and those found 
from calorimetric measurements is characteristic of linear poly- 
mers with a weak interchain interaction (polyethylene and poly- 
tetrafluoroethylene). This agreement is not surprising since formu- 
n (1.37) was derived by Tarasov for the case of non-interacting 
chains. 

For polymers with a stronger intermolecular interaction (poly- 
styrene, polymethyl methacrylate, polyamides) a considerable 
discrepancy arises when the heat capacity values found from 
acoustic measurements and formula (1.37) are compared with 
those obtained by calorimetric measurements; this discrepancy 
may be due to two[factors. On the one hand, not only one-dimen- 
sional Debye vibrations but also'other vibrational modes that can 
occur in the temperature range 20-240 K can make a contribution 
to heat capacity at these temperatures. On the other hand, the 
sufficiently strong intermolecular interaction observed in these 
polymers apparently does not allow one to use the version of the 
Tarasov theory based on the assumption that the interchain 
interaction can be ignored as compared with the interaction 
between the atoms that make up the skeleton of the polymeric 
chains. 

The dependence of the specific heat of polymers, calculated on 
the basis of the results of acoustic measurements, on their chemical 
constitution (see Fig. 9.4) seems interesting. The results given 
in Fig. 9.4 show that the highest values of heat capacity are 
characteristically exhibited by polymers with a weak intermolecu- 
lar interaction, in particular poly-4-methyl pentene-1. As the 
intensity of intermolecular interaction; increases the value of 
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specific heat decreases. The presence of the polar groups Cl, СН», 
or COOCH, in the side chain of polymers brings about an appreci- 
able decrease in the specific heats of polyvinyl chloride, polysty- 
rene, and polymethyl methacrylate as compared with poly-4-methyl 
pentene-1. The lowest values of heat capacity are shown by poly- 
mers with strong hydrogen atoms closely spaced between the 
chains: Nylon 7 and Nylon 6,10. 

It is interesting that an analogous dependence is also typical of 
Poisson's ratios for these polymers (see Chapter 8), a fact which 
once again indicates that there is a close relationship between 
the viscoelastic behaviour of polymers and their thermophysical 
properties. 


9.2. DETERMINING THE THERMAL EXPANSION 
COEFFICIENTS AND GRÜNEISEN CONSTANTS FROM 
ACOUSTIC MEASUREMENTS 

An important parameter characterizing the thermal properties 
of polymers is the Grüneisen constant defined by 


= ô ln 0p 
Y= а 





The Grüneisen constant characterizes the anharmonicity of the 
vibrations of atoms, which is responsible for thermal expansion; 
it is directly related to the potential of intermolecular interaction. 
For polymers with rigid chains, which are subject to a van der 
Waals interaction, such a relationship can be written in the 
form (392): 


= (m + n + 9)⁄4 (9.3) 


where m and n are exponents in the interaction potential (for 
example, for the Leonard-Jones potential m — 6, n — 12 and 
ү = 9) 

For an isotropic elastic body the Grüneisen constant is a scalar 
quantity and can be determined by two different methods. One is 
based on measurements of the velocities of longitudinal and 
transverse waves at different pressures (i.e., is based on the study 
of the dependence of 0 p on pressure). Indeed, by using expressions 
(1.17) and (3.18) it is not difficult to show that 


do) афор) L + (9.4) 


where c is the average velocity of sound [see formula (1.15)]; 
p is the pressure; B+ is the isothermal compressibility. 

The second method of determining Y is based on the use of data 
on thermal expansion coefficients and adiabatic bulk moduli. 
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In this case, a modified Grüneisen equation is used (3.15): 


_ 3aKs 

Y Cp 

where a is the linear thermal expansion coefficient; K, is the 

adiabatic bulk modulus; o is the density; Cp is the specific heat 
at constant pressure. 

If the values of a, p and C, are known, one can determine K, 
by measuring the velocities of longitudinal and shear waves and 
find the Griineisen constant (389-391) by using formula (9.5). 

It is usually assumed that y is independent of temperature. 
However, the values of y calculated by formula (9.5) for polymers 
differing widely in chemical constitution and structure show 
(389-391) that y — f (T) for most polymers. Barker (392) has 
proposed a model according to which a polymer consists of a 
sequence of rigid, almost parallel chains with an interaction 
potential of the Mie or Morse type and has shown that the Griinei- 
sen constant may depend on temperature. 

Expression (9.5) has been used (385, 389-391) to determine the 
Griineisen constant from acoustic measurements. The results of 
‘such calculations for the temperature range 4.2-240 K are given 
in Figs. 9.5 and 9.6. Over this temperature range quantity y 
is strongly dependent on chemical constitution and increases 
with increasing intermolecular interaction in the polymer. The 
highest values of y in the entire temperature range are shown by 
polyamides, in which the intermolecular interaction is quite 
intensive due to the presence of hydrogen bonds. 

The lowest value of the Griineisen constant is exhibited by 
polyethylene (see Fig. 9.5), which is characterized by a weak 
intermolecular interaction. Of interest is the fact that the values 
-of Griineisen constants depend on the molecular mass of the repeat- 
ing unit of the polymer. The value of y increases with increasing 
molecular mass of the repeating unit. The only exception is 
polystyrene (M, = 104), whose Griineisen constant is lower than 
that of polymethyl methacrylate (M, = 100). 

As the temperature falls (see Figs. 9.5 and 9.6) the value of 
the Griineisen constant for all polymers increases. The sharpest 
increase in the Griineisen constant occurs at the lowest tempera- 
tures, where the y values are quite impressive. Since the Griineisen 
constant is associated with the potential of intermolecular inter- 
action, a relative increase in this potential with decreasing temper- 
ature serves as an indication of intensification of the intermo- 
lecular interaction in the polymer. 

However, rather high values of y at temperatures close to 4.2 K, 
which are indicative of strong anharmonicity in polymers under 
these conditions, contradict the usual concepts, according to 





(9.5) 
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which anharmonicity near O K must vanish. The possibility 
cannot be excluded that the equation of state (9.5), which is used 
to determine y, does not hold at 7 — 0 K. Nevertheless, the 
sharp increase in anharmonicity observed in polymers near 4.2 K 
deserves special consideration. 

Such an increase in the Grüneisen constant with decreasing 
temperature was observed by Barker (390) for polystyrene and 
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FIG. 9.5. Temperature dependence 
of the Grüneisen constant: 


I—polycapramide; 2—polyvinylidene tlu- 


FIG. 9.6. Temperature dependence 
of the Griineisen constant in the 
region of liquid-helium temperatures: 


oride; 3—polymethyl methacrylate; 4— 
polycarbonate; ó—polytetrafluoroethyle е; 
6—high-density polyethylene. 


1—Nylon 6,10; 
11; 4—Nylon 7; 
methyl methacrylate; 7—polystyrene; 8— 


2—Nylon 12; 3—Nylon 
5—Nylon 6; 6—poly- 


poly-4-methyl  pentene-1;  9—polyvinyl 
chloride; 19—polyvinyl fluoride. 


polyethylene. At room temperature the y values of polystyrene 
and polymethyl methacrylate are close to unity (390). Analogous 
results at 20°C were obtained (389) for polymethyl methacrylate 
(y = 0.88) and for Nylon 6 (y = 0.91). The Griineisen constant 
obtained for polymethyl methacrylate from data on the depend- 
ence of ultrasonic velocity on pressure at 25°C is 1.11 (391). It has 
been shown (385) that at room temperature the y values of a 
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number of polymers are also close to unity. For example, the 
values of y for Nylon 6, polymethyl methacrylate, polystyrene and 
polyvinyl! chloride at 290 K are, respectively, 1.8, 1.4, 1.1, 
and 0.6. 

Abnormally high values of y (approximately equal to 4) have 
been obtained by Wada and his collaborators for polyethylene, 
polystyrene and polymethyl methacrylate (393). They used the 
dependence of sound velocity on pressure. Moreover, these authors 
conclude that the Griineisen constant increases with increasing 
temperature, this being inconsistent with the results obtained 
by other workers (385, 389-391). This conclusion can be regarded 
as a very special case and may be valid only for a limited tempera- 
ture range in the vicinity of 7,. It has been found (889) that the 
Grüneisen constant y passes through a maximum as the glass- 
transition temperature of the polymer is being passed. 

The very high values of the Griineisen constant (y ~ 4) for 
two polymers were obtained by Wada in an unusual way. Using 
expression (9.4), Wada first calculated the values ofi y for polysty- 
rene and polymethyl methacrylate and then the specific heats C, 
of these polymers using Eq. (3.15). The values of C, obtained in 
this way are equal to 0.26 kJ/(kg-K) for polystyrene and 
0.22 kJ/(kg -K) for polymethyl methacrylate. These values of C, 
are several times lower than those obtained by calorimetric 
measurements. In this connection, Wada (393) assumed that 
Eq. (3.15) must have the following form: 


PV ERR. 

(0 бш (9.6) 
where Cint is the heat capacity due to vibrations of the chain 
units, these being responsible for the intermolecular interaction 
in the polymer. 

It is assumed (393) that Eq. (9.6) holds true for any molecular 
solids with two different bonding forces in the lattice. Thus, 
formula (9.6) is based on the assumption that the main contribu- 
tion to the quantity y is made by interchain vibrational modes. 
Wada used the Dulong-Petit law for calculating the molecular 
mass M, of a vibrating unit and showed that the values of Mj 
obtained for polystyrene and polymethyl methacrylate (M, = 95) 
are in satisfactory agreement with the molecular mass of the 
repeating units (104 and 100). However, analogous calculations 
(393) show that for polyethylene M, = 143, which exceeds 10 
times the molecular mass of the repeating unit. 

The Wada hypothesis rests on two physical assumptions: (1) a 
polymer is regarded as a vibrating lattice; (2) low-frequency 
vibrational modes are assumed to be more sensitive to a change 
in density than high-frequency modes of vibration. Since the 
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energy of intermolecular (interchain) interaction is much lower 
than the energy of interaction between the atoms present in the 
main chain of the polymer and linked to each other through 
covalent bonds, it is assumed that the anharmonicity of interchain 
vibrations is greater. In other words, low-frequency (interchain) 
vibrations are more sensitive to a change in volume and make 
a bigger contribution to the value of the Grüneisen constant and 
thermal expansion than do high-frequency (intrachain) vibrations. 

This viewpoint is considered to be quite convincing, but the 
abnormally high values of y which differ from the results obtained 
by other methods and also the tenfold overestimation of the value 
of M, in the case of polyethylene do not. allow reliable conclusions 
to be drawn as to how well the Wada hypothesis agrees with 
experiment. I 

There is a definite correlation between the viscoelastic para- 
meters and thermal expansion of polymers. Barker (390, 392), 
for example, has shown that the following simple relation connect- 
ing Young's modulus Е’ with the linear thermal expansion coeffi- 
cient œ holds true for many polymers over a wide temperature 
range: 


Е'а? z 15 N/(m2 -K?) (9.7) 


This relation indicates that there must exist a correlation between 
the modulus of elasticity E', which is based on the harmonic nature 
of the bonding forces operating between atoms, and thermal 
expansion governed by the anharmonicity of atomic vibrations. 
This correlation implies the existence of a correlation between 
the harmonicand anharmonic moduli of elasticity. Barker attempt- 
ed (390, 392) a theoretical substantiation of relation (9.7), but 
the only reasonable argument in its favour is the connection 
between the first and second compressibility coefficients (a, and a,) 
in the Bridgman relation: 


—AV/V, == ар + азр? + asp° (9.8) 


where V is the volume and p is the pressure. 
We know that for polymers (392) 


Ca >= ala = —4.0 + 0.1 (9.9) 


Formula (9.7) was tested by using the values of Young's modulus 
calculated from ultrasonic measurements in polyt trafluoroethyl- 
ene over the temperature range 4.2 to 240 K (381) and the results 
of direct measurements of the linear thermal expansion coefficient 
of this polymer (171). It was found that the œ values determined 
from dilatometric and acoustic measurements coincide only in 
order of magnitude (Fig. 9.7). Apart from the approximate nature 
of relation (9.7), this difference may also arise from the difference 
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between the degrees of crystallinity of the polytetrafluoroethylene 
samples used for dilatometric (p — 2.25 Mg/m?) and acoustic 
(p — 2.18 Mg/m?) experiments. The best agreement is obtained 
for polycapramide. 

The values of о obtained, by different methods, for polycapra- 
mide are rather close and differ by no more than 15 per cent for 





72 
” 
Ш 
= 9 7 
‘Qs 
$7 
6 
4 550 
80 160 240 320 
T 


LK 


FIG. 9.7. Temperature dependence 
of the linear thermal expansion 
coefficient of polytetrafluoroethylene: 


I— measured values (171); 2— values cale 
culated from acoustic measurements. 


FIG. 9.8. Temperature dependence 

of the linear thermal expansion coef- 

ficient calculated by the Barker 
formula: 


1—poly-4-methyl pentene-1; 2—Nylon 11; 


3— polystyrene; 4—Nylon 6; 5— Nylon 7; 

6—polyvinyl chloride; 7—polyvinyl fluo- 

ride; &—Nylon 6,10; 9—polymethyl 
methacrylate. 


the temperature range 4.2-203 K. An especially good agreement 
is obtained at temperatures close to 4.2 K. 

The values of the linear thermal expansion coefficient obtained 
by dilatometric measurements (157) made at temperatures —180 
to +20°C for polystyrene agree well with the results calculated 
from formula (9.7). The a values obtained for polystyrene by the 
two methods differ by no more than 12 per cent. The linear thermal 
expansion coefficients of polymethyl methacrylate and poly-4- 
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methyl pentene-1 determined at low temperatures (156) differ 
from the а values calculated from formula (9.7) (Fig. 9.8) by 
a factor of about two. It is, however, necessary to take into account 
that Barker, when deriving relation (9.7), implied that the right- 
hand side of this relation must include the coefficient S (for some 
materials of the type of organic glass 0.5 < S < 2). If we apply 
this condition to polymethyl methacrylate and poly-4-methyl 
pentene-1, the values of о calculated in this way will agree 
satisfactorily with the results of direct dilatometric measurements. 

Thus, the approximate Barker relation allows one to determine 
the thermal expansion coefficients of polymers quite accurately 
if the velocities of longitudinal and transverse waves in them are 
known. 
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TABLE 2. The Thermal Conductivities of Some Polymers at Low Temperatures 











x, W/(m-K) 
Polymer p, Mg/m3 
4K 80K 290 K 
Polyethylene (105, 101) 2x 10-2 0.47 0.397 0.95 
(at 5 K) (at 300 K) 
Polytetrafluoroethylene (40, | 4.4 х 107? 0.25 0.24 12.16 to 2.17 
94, 101) 
Nylon 6,6 (95, 98, 105) 1.2x 1072 0.1 — 1.14 
(at 20 K) 
Polyformaldehyde (102) — 0.493 0.42 1.44 
Polystyrene (99); 2.5 x 107? — — d 
Polymethyl methacrylate 5 x 10-2 0.14 0.2 — 
(33, 99, 102) (at 300 K) 


TABLE 3. Linear Thermal Expansion Coefficients of Some Polymers 
at Low Temperatures 











a@-105 K-1 
Polymer 
4K 20K 80K 280 K 
Polyethylene (128) — 8.9 10.7 18.4 
Polyethylene, low-density (160) 7.4 — 13.4 — 
Polytetrafluoroethylene (128, 160) 6.8 | 7.7 | 7.6-9.1 | 19.5 
(at 260 K) 
Polypropylene (157) — — 5.3 19.5 
Polytrifluorochloroethylene (129) — 4.1 4.0 6.9 
Polystyrene (129, 157) — | 5.6 | 5.5-6.1 | 7.2-8.5 
Polymethyl methacrylate (129) — | 4.4 4.9 7.6 
Nylon 6,6 (129) — 5.1 5.9 8.2 
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TABLE 4. The Dielectric Properties of Some Polymers at Low Temperatures 





g tan 6-105 
Polymer —_- ү Hz 
4K 290K 4K 290 K 
Polyethylene (209, 210): 
low-density* — = 2.7 39.6 4 
high-density ** 2.27 2.2 5.5 17.3 1 
Polytetrafluoroethylene 

(205, 206, 212) 2.12 2-2.05| 0.12-2.5| 9-30 | 0.075-1 
Polypropylene (205, 206, 

221) 2.35 2.25 | 0.35-2 85 0.050-20 
Nylon 6,6 (205) 2.9 4.1 12 1500 0.075 
Nylon 11 (209) 2.4 3.22 3 4000 0.047 
Polyethylene terephtha- 

late (205, 212) 2.8 |3.13-3.15| 11.5-17 | 118-410 | 0.075-1 
Polyvinyl fluoride (212) 3.45 9.2 56 1600 1 
Polystyrene (205, 225) |2.52-2.63| 2.5-2.6 | 1.49-6 | 11.5-40 | 0.075-1 
Polycarbonate (212) — — 9.5 210 1 


* x = 48 per cent. 
** x = 76 per cent. 





TABLE 5. The Debye Temperatures Found for Some Polymers from 
Ultrasonic Measurements (v —5 MHz) at 4.2K, 77K and 240K 


85, K 
Polymer y REO 

4.2K | 77 K | 240 K 
Polyformaldehyde 310 306 274 
Polyethylene, high-density 320 320 228 
Polytetrafluoroethylene 166 164 130 
Nylon 6 265 259 195 
Nylon 7 282 273 212 
Nylon 6,10 292 288 229 
Nylon 11 269 264 183 
Polypropylene 280 270 245 
Polymethyl methacrylate 262 255 242 
Polycarbonate 402 384 335 
Poly-4-methyl pentene-1 195 187 158 
Polystyrene 226 211 188 
Polyvinyl fluoride 229 227 206 
Polyvinyl chloride 202 195 176 


Polytrifluorochloroethylene 14 136 122 
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TABLE 6. The Velocities of Longitudinal and Transverse Ultrasonic 
Waves (v — 5 MHz) in Polymers at Low Temperatures 











4.2K 77K 293K 
Polymer ET Re 

€ m/s cp m/s cp m/s ep m/s cp m/s en m/s 
Polyformaldehyde (x=74 рег 

cent) (122) 3725 | 1950 | 3640 | 4920 | 2630 | 1390 
Polyethylene, low-density (x= 

= 46 per cent) (122) 3740 | 2015 | 3740 | 2015 | 2360 | 1100 
Polyethylene, high-density (x= 

=74 per cent) (122) 3690 | 1960 | 3690 | 1960 | 2540 | 1180 


Polytetrafluoroethylene (x = 50 per 
cent) (122) 2330 | 1180 | 2330 | 1170 | 1410 | 730 


Nylon 6 (p— 1.143 Mg/m?) (368) | 3470 | 1610 | 3430 | 1570 | 2980*| 1190* 
Nylon 7 (p— 1.06 Mg/m?) (368) 3430 | 1760 | 3410 | 1670 | 2930*| 1270* 


Nylon 6,10 (p—1.094 Mg/m’) 
(368) 3460 | 1780 | 3420 | 1750 | 2920*| 1380* 


Nylon 11 (p—1.037 Mg/m?) (368) | 3410 | 1630 | 3350 | 1600 | 2690*| 1090* 
Nylon 12 (p=1.027 Mg/m) (368) | 3380 | 1630 | 3340 | 1590 | 2730*| 1110* 
Polypropylene (о = 0.896) (367) 3420 | 1750 | 3310 | 1690 | 2630 | 1340 

Epoxide resin ӘД-5 (567) 3360 | 1630 | 3290 | 1600 | 2820 | 1340 

Polymethyl methacrylate (372) 3160 | 1630 | 3110 | 1600 | 2940*| 1490* 
Polycarbonate (367) 2960 | 1360 | 2860 | 1290 | 2330 | 1030 

Poly-4-methyl pentene-1 (p—0.811) | 2720 | 1230 | 2610 | 1180 | 2340*| 1000* 
Polystyrene (375) 2870 | 1480 | 2710 | 1350 | 2420*| 1200* 
Polyvinyl fluoride (p — 1.402) (375) | 2960 | 1420 | 2900 | 1390 | 2670*| 1280* 
Polyvinyl chloride (p = 1.389) (375) | 2800 | 1390 | 2760 | 1350 | 2530*| 1220* 


Polytrifluorochloroethylene (p= 
— 2.135) (370) 2330 | 1060 | 2250 | 1020 | 1900 | 820 


* These values were obtained at 240K. 
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TABLE 7. The" Elastic Parameters of 


4.2K 
Polymer T f T 
=< = < Ток 
ый 58 w Ë 

Polyformaldehyde (265, 381) 14.3 5.2*-5.4 12.6 0.31 
Polyethylene (265, 381) 10.3**-10.8 3.7 7.1 0.25 
Polytetrafluoroethylene (265, 381) 7.9 2.2*-3.0 7.9 0.33 
Polypropylene (265, 381) 1.3-1.5**12.15*-2.8 6.8 0.32 
Polytrifluorochloroethylene (381) 6.5 2.4 8.4 0.37 
Nylon 6 (380) 8.0 2.9 9.7 0.36 
Nylon 6,6 (265) 9.2** — — — 
Nylon 7 (380) 8.5 3.1 8.7 0.34 
Nylon 6,10 (380) 9.2 3.5 8.5 0.32 
Nylon 11 (380) 1.5 2.8 8.3 0.35 
Nylon 12 (380) 7.3 2.7 8.1 0.35 
Poly-4-methyl pentene-1 (265, 380) 3.4-5.0**| 1.2-2.0* 4.4 0.37 
Polymethyl methacrylate (265, 380) | 7.8**-8.3 3.2* T. 0.32 
Polycarbonate (381) 6.0 2.2 1.6 0.37 
Epoxide resin ӘД-5 cured with 

m-phenylene diamine 8.6 3.2 9.3 0.35 
Polyvinyl fluoride (380) 1.6 2.8 8.5 0.35 
Polyvinyl chloride (265, 380) 6.8**-7.2 2.7 7.3 0.34 
Polystyrene 

atactic (380) 6.1 2.3 5.6 0.32 

isotactic (265) 6.1** 2.3* — — 

isotactic, cured (265) 5.6** — — — 
Polyethylene terephthalate (265) — 2.3* — — 
Polypyromellite imide (265) 6.2** — — — 
Polyvinyl acetate (265) | — 2.0* — — 


Note: 1. The elastic parameters were calculated (380, 381) from ultrasonic 
not at 293 K. 
* Measured on a torsion pendulum at a frequency of about 1 Hz (265). 
** Measured at a frequency of 104 Hz (265). 
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Polymers at Low Temperatures 


71K 293 K 
Ë f. qu i Po 1 
“og == Ta Ta =ош Ts 
5 8 |а| B š |w] + 
13.8 5.3 12 0.31 7.4 2.8 5.8 EM 
9.7**-10.8 3.7 7.1 | 0.25 | 2.9**-3.5 1.1 3.4 — 
7.7 2.1*-3 7.9 | 0.33 3 0.35*-1.15 | 2.3 = 
6.9-7.0**4.9*-2.6 | 6.4 | 0.32 | 2.4**-4.2 1.6 3.8 = 
6.0 2.2 7.8 | 0.37 4.1 1.4 5.7 — 
7.7 2.8 9.7 | 0.37 4.4 1.56 8 0.41 
8.6** — — — 4.1** — = — 
8.15 2.9 8.7 | 0.34 4.9 1.7 6.8 0.38 
8.8 3.8 8.4 | 0.325 5.6 2.1 6.5 0.36 
7.2 2.7 8.1 | 0.35 3.5 1.25 5.75 | 0.4 
7.0 2.6 8.0 | 0.36 3.5 1.2 6.0 0.4 
3.10-4.1**| 1.1-1.7*| 4.0 | 0.37 | 2.25-2.3**| 0.81-0.89*| 3.3 0.39 
1 7.5**-8.0 | 3.0-3.1*| 7.4 | 0.32 7.0 2.6 6.75 | 0.33 
5.5 2.0 7.1 | 0.37 3.7 1.26 4.7 = 
8.3 3.1 8.9 | 0.35 6.0 2.2 6.6 = 
7.3 2.7 8.1 | 0.35 6.2 2.3 7.00 | 0.35 
6.4**-6.9 2.6 7.2 | 0.34 3**-5.5 2.1 6.1 0.35 
5.1 1.9 5.2 | 0.34 4.1 1.5 4.1 0.34 
5.0** 1.8* — — 4.4** — — — 
4.6** — — — 3.3** -— — -— 
== 2.1* — — — 1.1* -— — 
5.9** — — — 3.4* — — — 
— 1.8* — — — — — — 





measurements at 5 MHz. 2, The elastic parameters were obtained (380) at 240K, 
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TABLE 8. The Griineisen Constanis and Linear Thermal Expansion 
Coefficients of Some Polymers at 4.2, 77 and 240K Found from 
Ultrasonic (v=5 MHz) Measurements 








4.2 K 77K 240 К 
Polymer a-108, a: 105, 9.1405, 
Ka Y K-1 K-1 
Nylon 6 4.3 10* 4.4 1.6 5.9 
Nylon 7 4.2 11* 4.3 8.3 5.5 
Nylon 6,10 4.1 28* 4.1 —-| 4.8 
Nylon 44 4.5 16* 4.6 12 6.6 
Nylon 12 4.5 17.9* 4.6 13.6 6.6 
Polyvinyl chloride| 4.6 8.4** 4.7 2.1 5.2 
Polyvinyl Ñuoride 4.4 7.9** 4.5 1.9 4.9 
Polystyrene 5.0 11.2*** 5.4 4.3 6.1 
Polymethyl me- 
thacrylate 4.2 13*** 4.3 4.9 4.6 
Poly-4-methyl 
pentene-1 6.7 13** 7 3.3 8.2 
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M 
k. s electric field strength, 
2 


Magnetic field, 148 

Magnetic field strength, 148 

Magnetic moment, 147 

Magnetic polarization, 153 

Magnetization vector, 153 

Mathieu equation, 134 

Mean free path, of phonons, 46, 55, 
68, 69, 206 

Mechanical relaxation, 123, 178 et 


seg. 
Methyl group 
re-orientation of, 166, 167, 172, 
229 
tunnelling of, 167, 169, 170, 173, 
175, 176, 198 
Micro-Brownian segmental motion, 
98, 171 
Molar heat capacity, 1, 2, 23 
Molar volume, 1 
Molecular motion, 162, 163, 164, 
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Nearest-neighbour forces, 7 
Network density, 159 
NMR lineshape, 149 
NMR linewidth, 150 
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heat capacity, 34, 259, 270 
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acoustical properties, 
238 
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elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
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low-temperature plateau, 218 
Poisson's ratio, 249, 250, 253 
temperature transitions, 222 
ultrasonic velocity, 273 
Young's modulus, 243 
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acoustical properties, 
activation energy, 226 
bulk modulus, 248, 249 
Debye temperature, 257, 272 
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elastic parameters, 274, 275 
Grüneisen constant, 276 
heat capacity, 34, 259, 270 
linear expansion coefficient, 2606, 
276 
low-temperature plateau, 218 
Poisson's ratio, 249, 250, 253 
temperature transitions, 222 
ultrasonic velocity, 226, 273 
Young's modulus, 243 
Nylon 11, 139 
acoustical properties, 226, 238 
activation energy, 140, 226 
bulk modulus, 248, 249 
Debye temperature, 257, 272 
dielectric properties, 140, 141, 272 
dynamic elastic moduli, 245 
elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
heat capacity, 259 
io expansion coefficient, 266, 
27 
]oss peaks, 140, 141 
]oss tangent, 140 
Poisson's ratio, 249, 252, 253 
temperature transitions, 222 
ultrasonic velocity, 218, 226, 273 
Young's modulus, 243 
Nylon 12 
acoustical properties, 
238 
activation energy, 226, 227 
bulk modulus, 248, 249 
Debye temperature, 257 
dynamic elastic moduli, 245 
elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
linear expansion coefficient, 276 
temperature transitions, 222 
ultrasonic velocity, 218, 226, 273 
Young's modulus, 243 
O 
Oligomeric liquids, 87 
One-dimensional continuum, 8, 9, 
10, 22 


226, 238 
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Onsager theory, 119 

Optical branch, 7, 41 

Orientational polarization, 110 
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Periodic harmonic processes, 210 

Permanent dipoles, 110 

Permittivity, 111 

Phase shift, 54, 55 

Phenomenological relaxation theo- 
ry, 113, 221, 228, 239 

Phenomenological theory, of sound 
propagation, 208-11 

Phillips quantum model, 133 

Phonon, 8 

Phonon gas, 47 

Phonon-phonon interaction, 49, 50, 
62, 230 

Phonon scattering, 51 et seq., 62 

Planck distribution function, 207 

Planck formula, 2 

Plasticized polymers, 161-3 

Point defects, 52 

Poisson's ratio, 241 et seq., 249 et 
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Polarizability, 110, 111 
Polarization, 153 
Polarization vector, 47, 
Polyamides 
acoustical properties, 226-8 
activation energy, 226, 227 
dielectric properties, 138-41 
dynamic elastic moduli, 245 
low-temperature plateau, 218 
mean free path of phonons, 73 
Poisson's ratio, 249 et seq. 
relaxation, 121, 138, 139, 
thermal conductivity, 73-5 
ultrasonic velocity, 217 
Poly-n-butyl methacrylate 
linear expansion coefficient, 104 
temperature transitions, 106 
Poly-sec-butyl methacrylate 
linear expansion coefficient, 105, 
108 
temperature transitions, 106, 107 
Poly-tert-butyl methacrylate 
linear expansion coefficient, 105, 
108 
Polycapramide 
acoustical properties, 238, 239 
dynamic mechanical properties, 
194, 195 
Grüneisen constant, 263 
loss peaks, 194, 195 
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Polycarbonate 
acoustical properties, 228, 231 
activation energy, 173, 174 
Debye temperature, 257, 272 
dielectric properties, 272 
dynamic elastic moduli, 246 
elastic parameters, 274, 275 
Grüneisen constant, 263 
heat capacity, 270 


motion of methyl groups, 173, 
174, 175 

NMR, 172-5 

Poisson's ratio, 251, 252 

second moment, 173, 174, 175 


tunnelling, 173, 174, 175 

ultrasonic velocity, 218, 273 
Poly-m-chlorostyrene, 145 
Poly-o-chlorostyrene, 41, 145 
Poly-p-chlorostyrene, 145 
Polycyclopentyl methacrylate 

linear expansion coefficient, 94 
Poly-n-decyl methacrylate 

linear expansion coefficient, 105, 

107, 108 


Polyethylene, 23 
acoustical properties, 223, 224 
activation energy, 185 
amorphous, 23, 24, 25, 26, 27, 
29, 35 
characteristic temperatures, 28, 


correlation frequency, 158 

crystalline, 23, 24, 25, 26, 27, 28 

Debye temperature, 257, 272 

degree of crystallinity, 24 et seq. 

density, 23 

dielectric constant, 127, 128 

dielectric properties, 127-35, 272 

dilatometric curve, 97, 98 

dynamic elastic moduli, 245, 246 

dynamic mechanical properties, 
184-8 

elastic parameters, 274, 275 

glass-transition temperature, 98 

Griineisen constant, 262, 263 

heat capacity, 23-9, 35, 259, 260, 
270 

linear expansion coefficient, 97, 
98, 99, 100, 271 

logarithmic decrement, 185, 186 

loss peaks, 98, 130, 134, 135, 
182, 184, 185 

loss tangent, 127, 128, 129, 130, 
133 

mean free path of phonons, 68, 69 

шашы loss peaks, 185 

micro-Brownian motion, 98 
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Polyethelene 
NMR linewidth, 156, 157 
Poisson's ratio, 250, 251, 252 
potential energy, 132 
relaxations, 107, 121, 127 et seq., 
184, 185 et seq. 
sound velocity, 67, 157 
structural parameters, 68, 69 
temperature transitions, 97, 98, 
222 
thermal conductivity, 60, 61, 66- 
71, 271 
thermal expansion, 97-100 
tunnelling, 130, 132, 133 
ultrasonic velocity, 217, 218, 219, 
273 
Young's modulus, 157 
Polyethylene terephthalate 
dielectric properties, 272 
elastic parameters, 174, 274, 275 
heat capacity, 32 
a expansion coefficient, 104, 
0 
mechanical loss peaks, 182, 193 
relaxations, 124, 187 
thermal conductivity, 60 
Polyethyl methacrylate 
linear expansion coefficient, 104, 
106, 108 
Polyformaldehyde 
acoustical properties, 224-6 
Debye temperature, 257, 272 
dynamic mechanical properties, 
189-94 
dynamic shear modulus, 190 
elastic parameters, 274, 275 
glass-transition temperature, 191 
heat capacity, 34, 259, 270 
logarithmic decrement, 189, 190, 
192 
loss peaks, 189, 190, 191 
low-temperature plateau, 218 
low-temperature relaxation, 192 
Poisson's ratio, 252 
relaxations, 124, 187, 192, 193, 
194 
segmental motion, 190 
temperature transitions, 222 
thermal conductivity, 60, 75, 271 
ultrasonic velocity, 273 
viscoelastic behaviour, 191 
Poly-n-hexyl methacrylate 
linear expansion coefficient, 105, 
108 
Polyisobutylene 
NMR, 175-7 
. rotation of СНз groups, 176 
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Polyisobutylene 
second moment, 175, 176, 177 
thermal conductivity, 57 
tunnelling, 176, 177 
Polyisobutyl methacrylate 
m expansion coefficient, 105, 
1 
temperature transitions, 106, 107 
Polymethyl acrylate 
activation energy, 172 
correlation frequency, 
NMR, 171 
relaxations, 121 
second moment, 174 
tunnelling frequency, 172 
Polymethyl methacrylate 
acoustical properties, 228, 229, 231 
activation energy, 197, 198 
amorphous, 76-81 
atactic, 37 
buik modulus, 248, 249 
characteristic temperatures, 78 
correlation frequency, 166 
Debye temperature, 257, 272 
dielectric losses, 141, 142 
dynamic elastic moduli, 246 
dynamic mechanical properties, 
197, 198 
elastic parameters, 274, 275 
Grüneisen constant, 263, 264, 276 
heat capacity, 35 et seq., 259, 
260, 270 
isotactic, 37 
linear expansion coefficient, 106, 
108, 266, 271, 276 
loss tangent, 106, 141, 197 
mean free path of phonons, 78 
molecular parameters, 92 
NMR, 161-71 
potential barrier, 37, 170 
relaxations, 107, 180, 182 
rotation of methyl group, 37, 168, 
169, 198 
second moment, 168, 169, 
170, 171 
syndiotactic, 37 
thermal conductivity, 57, 60, 61, 
76-81, 271 
transverse vibrations, 78 
tunnelling, 169, 170, 198 
ultrasonic velocity, 273 
Young's modulus, 197, 243, 246 
Poly-4-methyl pentene-1 
acoustical properties, 231 
bulk modulus, 248, 249 
Debye temperature, 272 
dynamic elastic moduli, 246 


166, 172 


167, 
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Poly-4-methyl pentene-1 
dynamic mechanical properties, 
198-200 
elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
heat capacity, 259, 260 
linear expansion coefficient, 266, 
276 
loss tangent, 199 
Poisson's ratio, 249, 251, 253 
relaxations, 199 
second moment, 199 
spin-lattice relaxation time, 199 
thermal expansion coefficient, 105 
ultrasonic velocity, 273 
Young's modulus, 199, 243, 246 
Poly-a-methylstyrene, 41 
Poly-o-methylstyrene, 41 
Poly-n-octyl methacrylate 
linear expansion coefficient, 105, 
108 
molecular motion. 107 
temperature transitions, 106 
Polyoxymethylene, see Polyformal- 
dehyde 
Polypropylene 
acoustical properties, 228, 231 
activation energy, 138, 196 
amorphous, 33 
atactic, 33, 57 
Debye temperature, 257, 272 
degree of crystallinity, 33 
dielectric constant, 137 
dielectric loss peaks, 137 
dielectric properties, 137, 272 
dynamic mechanical properties, 
195-7 
elastic parameters, 274, 275 
lass-transition temperature, 100 
eat capacity, 33, 100, 259, 270 
isotactic, 33, 60, 137 
linear expansion coefficient, 100, 
101, 271 
loss peaks, 195, 196 
loss tangent, 137, 196 
Poisson's ratio, 251, 252 
relaxations, 138, 182, 195 
temperature transition, 101 
thermal conductivity, 57 
thermal expansion, 100, 101 
ultrasonic velocity, 273 
volume expansion coefficient, 101 
Young's modulus, 196 
Poly-n-propyl methacrylate 
md expansion coefficient, 104, 
0 
temperature transitions, 106 
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Polystyrene 
Poly-p-propyl methacrylate 

linear expansion coefficient, 106 

acoustical properties, 232, 235 

activation energy, 142, 202, 203 

amorphous, 38 

atactic, 38 

bulk modulus, 248, 249 

Debye temperature, 257, 272 

dielectric constant, 142 

dielectric losses, 145 

dielectric properties, 142, 272 

dynamic mechanical properties, 
201-3 

Einstein temperature, 40, 42 

elastic parameters, 274, 275 

Grüneisen constant, 263, 264, 276 

heat capacity, 35, 36, 38-44, 259, 
260, 270 

linear expansion coefficient, 266, 
271, 216 

loss modulus, 202 

loss tangent, 145 

molecular parameters, 92 

motion of phenyl group, 143 

potential energy, 143, 144 

relaxations, 142 et seq. 

relaxation peaks, 202, 203 

repeat unit, 42 

rotation of phenyl groups, 143 

shear modulus, 202, 203 

sup T Debye heat capacity, 40, 43, 
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thermal conductivity, 79, 80, 81, 
274 

ultrasonic velocity, 273 

viscoelastic relaxation, 201-3 

Young's modulus, 243, 246 

d M d (Teflon), 

2 

acoustical properties, 224 

Debye temperature, 31, 257, 272 

dielectric loss peak, 135, 136 

dielectric properties, 135, 136, 272 

dynamic elastic moduli, 245 

dynamic mechanical properties, 
182, 188, 189 

elastic parameters, 274, 275 

frequency spectrum, 31 

heat capacity, 21, 30, 31, 32, 250, 
260, 270 

linear expansion coefficient, 101, 
102, 103, 266, 271 

logarithmic decrement, 189 

loss tangent, 136 

low-temperature plateau, 9218 

mean free path of phonons, 72 
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Polytetrafluoroethylene (Teflon) 
mechanical loss peaks, 188 
phase transition, 102 
Poisson's ratio, 252 
shear modulus, 189 
sound velocity, 238, 239 
specific heat, 30, 31 
temperature transitions, 101, 222 
thermal conductivity, 60, 66, 

71-8, 271 
thermal expansion, 101-3 
ultrasonic velocity, 72, 217, 273 
vibrational spectrum, 32 
vibrations, 32 
Young's modulus, 243, 265 

Polytrifluorochloroethylene, 32 

acoustical properties, 232, 235, 
238, 

Debye temperature, 272 

density, 32 

elastic parameters, 274, 275 

heat capacity, 32, 33. 270 

linear expansion coefficient, 271 

Poisson's ratio, 252 

relaxations, 180 

thermal conductivity, 60 

ultrasonic velocity, 238, 239, 273 


Polyvinyl acetate 
elastic parameters, 275 
relaxations, 182 
Polyvinylalkyl esters 
linear expansion coefficients, 108 
Polyvinyl chloride 
acoustical properties, 232, 
bulk modulus, 248, 249 
Debye temperature, 257, 272 
dynamic elastic moduli, 245 
dynamic mechanical properties, 
203-5 
elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
heat capacity, 259, 260, 270 
EE expansion coefficient, 266, 
7 
loss maxima, 203, 204 
loss tangent, 204 
molecular parameters, 92 
Poisson's ratio, 249, 250, 253 
relaxations, 124, 203, 204, 205 
thermal conductivity, 57 
ultrasonic velocity, 273 
Young's modulus, 204, 205, 243, 
246 
Polyvinyl fluoride 
acoustical properties, 232 
bulk modulus, 248, 249 
Debye temperature, 257, 272 
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Polyvinyl fluoride 
dielectric properties, 272 
dynamic elastic moduli, 245 
elastic parameters, 274, 275 
Grüneisen constant, 263, 276 
heat capacity, 259 
linear expansion coefficient, 266, 
276 
Poisson's ratio, 249, 250, 253 
ultrasonic velocity, 273 
Young's modulus, 243, 246 
Polyvinylidene fluoride 
acoustical properties, 235 
Debye temperature, 257 
Grüneisen constant, 263 
low-temperature plateau, 218 
temperature transitions, 222 
ultrasonic velocity, 217 
Potential barrier, 121, 122, 123, 
165, 166, 167, 200, 201, 230 
Potential energy, 49, 89, 120, 121, 
122, 143, 144 
Potential well, 165, 166 
Principle of corresponding states, 87 
Pseudo-momentum, 47, 49, 50 
Pulse-phase method, 211, 212 


Q 


Quantum harmonic oscillator, 2, 3, 9 


Quantum-mechanical tunnelling, 
132, 164-7 

Quantum model, 133 

Quasi-elastic force, 82 

Quasi-momentum, see Pseudo-mo- 


mentum 
Quasi-rotonic phonons, 43 


R 


Rayleigh scattering, 52 

Real dielectric constant, 113 

Reciprocal lattice, 50 

Reduced Einstein temperature, 93 

Reduced pressure, 91 

Reduced volume, 91, 92 

Reference temperature, 96 

Relative permittivity, 113 

Relaxation frequency, 124 

Relaxation processes, 113 et seq., 
121, 122, 178, 179, 180, 181, 
216 et seg., 228 et seq. 

Relaxation time, 111 

Relaxation-time spectrum, 115, 116 

Relaxation-time spectrum density, 
211 

Resonance method, 183 

Resonance phonon scattering, 52, 53 
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Response equations, 209, 211 

Retardation-time spectrum density, 
211, 237 

Rosenstock model, 36 


S 


Schatzki model, 98, 121, 122 
Schering precision bridge, 125 
Schródinger equation, 134, 165 
Second moment, 150, 151 
and structure and composition, 
163, 164 
and temperature, 160 
Secondary relaxation, 122 
Secular equation, 6, 7, 16, 17 
Selenium, thermal conductivity, 53, 
79 
Shear modulus, 15, 178, 179, 183, 
209, 241, 249 K 
Shear viscosity coefficient, 209 
Shear waves, 219 et seq. 
Simha-Boyer method, 103 
Simha-Boyer rule, 104 
Small-angle X-ray scattering, 68 
Sound propagation, 206 et seq. 
Sound velocity, 46, 216 et seq., 255 
and crystallinity, 236 et seq. 
temperature dependence of, 218 
et seq., 256 
Specific heat, 1, 207, 208, 255 et seq. 
Specific volume, 209 
Spin-lattice relaxation, 153 
Spin-lattice relaxation time, 
163, 165 
Static polarizability, 11 
“Statistical” degree of crystallinity, 
155 
Stejskal-Gutowsky theory, 229 
Stress tensor, 209 
Structural scattering, 63, 67 
Super-Debye heat capacity, 27, 35, 
36, 43, 80 
Supermolecular structure, 178 


152, 


T 
Tarasov theory, 8-14, 22, 24, 25, 
28, 29, 37 
T-cube law, 6 


Teflon, see Polytetrafluoroethylene 
Temperature transitions, 179 
Tetragonal lattice, 90, 91, 92 
Theory of non-interacting chains, 11 
ива activation, 123, 169, 173, 
75 
Thermal conductivity, 45, 208 
and crystallinity, 61, 65, 66 
and orientation, 64 
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Thermal conductivity 
Debye formula, 46, 58 
effect of point defects, 52 
Eierman theory, 58, 59, 60, 79 
Klemens theory, 63, 64, 67, 78 
measurement of, 56 
of amorphous polymers, 57, 58, 
59, 60, 61, 62, 76-81 
of crystalline polymers, 57, 60, 61, 
65-76 
of dielectrics, 45-56 
of polymers, 56, 57 et seq., 271 
temperature coefficient, 60 
temperature dependence of, 51 
theories, 62 
Ziman theory, 54, 55 
Thermal cubic expansion coefficient, 
60 


Thermal exchange gas, 21 
Thermal expansion, 82 et seq. 
of amorphous polymers, 86-94 
of crystalline polymers, 94, 95 
of solids, 82, 83 
Thermal expansion coefficients, 97- 
109, 261 et seq. 
measurement of, 95-7 
Thermal linear expansion coefficient, 
83, 93, 95 et seq., 262, 271 
Thermal phonons, 206, 207 
Thermal resistance, 58, 59, 60 
Thermal volume expansion coel- 
ficient, 20, 83, 84, 85, 94, 95, 
209 
Thermophysical 
255 et seq. 
Third power law, 6 
Three-dimensional continuum, 8, 9, 
12 
Three-phonon interaction, 49, 50, 53 
Torsional vibrations, 123, 124 
Torsion pendulum, 183 
Transverse phonons, 64, 68 
Transverse rigidity, 14, 15 
Transverse waves, 4, 5 
Trioxane, 34 
Tunnelling, 164-7, 200, 229 et seq. 
Tunnelling frequency, 165, 167, 200 
Tunnelling frequency modulation, 


characteristics, 


174 

Two-dimensional continuum, 8, 9, 
10, 22 

Two-phonon interaction, 49 


U 


Ultrasonic phonons, 206 
Ultrasonic velocity 
and relaxation processes, 216-26 
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Ultrasonic velocity 
measurement of, 211 et seq. 
Ultrasonic wavelength, 206 
Ultrasonic waves, 206 
“Umklapp” processes, 50, 51, 207, 
208, 221 


V 


Valence vibrations, 17, 29 

Van der Waals Íorces, 11, 16, 59 
Van Vleck theory, 150, 168, 173 
Vibrational degrees of freedom, 9, 12 
Vibrational energy, 10, 12 
Vibrational frequency, 11 et seq. 
Vibrational heat capacity, 10 
Viscoelastic behaviour, 241 et seq. 
Viscoelastic parameters, 241 et seg. 
Viscoelastic relaxation, 200-5, 233 
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Volume expansion coefficient, 20. 
83, 84, 85, 91, 209 
Volume expansivity, 83 


w 
Wada hypothesis, 264, 265 
Wave vector, 4, 47 

Y 


Young's modulus, 15, 
et seq., 249 
and linear expansion coefficient, 
265 


183, 241 


Z 


Zero-point energy, 84, 93 
Ziman theory, 54, 55, 78 
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